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The Structure of Unstretched 


Rubber Based on Studies 
with Electron Rays 


G. Bruni and G. Natta 


INSTITUTE OF GENBRAL CHEMISTRY OF THE Royat PoutyTecunic at Mivan, ITALY 


It is known that the x-ray examination of rubber at the ordinary temperature and 
in the unstretched state gives photographs which are similar to those of liquids, 
while a crystalline structure is obtained only if the rubber is stretched or frozen. 
In the first case, in order for a fibrous structure to be visible, it is necessary to 
stretch the sample to elongations corresponding to different multiples of the initial 
length (up to 9).! 

The presence in rubber of filiform molecules of extremely high molecular weight 
has already been demonstrated by Staudinger? as a result of studies on the proper- 
ties of solutions of some of its soluble derivatives, and it was likewise proved that 
the linking of the isoprene groups into chains takes place through bonds correspond- 
ing to the principal valences. X-ray analysis has confirmed these hypotheses. 
The identity period along the axis of the fibers of stretched rubber, first determined 
by Katz® and by Hauser‘ and confirmed by measurements of Mark and Susich® 
on highly oriented preparations, is in fact 8.1 A. U., a length which corresponds to 
that predicted for a chain of two isoprene groups with cis-configuration. 

The unusual physical properties, and in particular the elastic properties of rub- 
ber, the thermal phenomena, which are at first negative and then positive, and 
finally the orientation of the molecules, all of which accompany the elastic elonga- 
tion, have been regarded by some authors as bearing some relation to the long chain 
structure mentioned above, which is formed from an extremely large number of 
isoprene radicals bound by primary valences. This view is based on the assumption 
that, by virtue of the double valences still present and the resulting forces of 
attraction (van der Waals forces) originating in the residual partial valences, the 
chains tend in the unstretched state to curl themselves in a spiral and irregular 
manner, which should be possible in view of the freedom of rotation of the normal 
chains about the valence axes. During elastic elongation there would at first be 
an absorption of heat corresponding to the work required to overcome the van der 
Waals forces mentioned above, followed by an evolution of heat (corresponding to 
the energy of crystallization) resulting from the orientation of the molecule. 

An interpretation of the results of the roentgenographic examination, which is 
confirmed by the known elastic properties of rubber, leads to the conclusion that 
in rubber at the ordinary temperature and in the unstretched state the molecules 
are completely disoriented, as is generally the case with a liquid, and that their 
orientation (crystallization) is brought about only by mechanical stretching or 
else by freezing. 

However, from the most recent literature it appears that a large number of in- 
vestigators do not confine themselves to the supposition that the process of crystal- 
lization during elongation of the rubber is a simple process of sliding and orienta- 
tion of the individual molecules, but maintain that during stretching a change in 
the form of the individual molecules also takes place. 
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In fact such hypotheses were upheld first by Barrow,’ Feuchter,* and Kirchhof,* 
and recently by Katz,!° who assume that the molecules in the unstretched state 
are spiral in form and contracted, whereas they assume an elongated form when 
the rubber is stretched." 

With a view to making this point clear, which is of great interest in interpreting 
the elastic properties of rubber, we have now examined numerous samples of rubber, 
including Para and smoked sheets and solutions of rubber which had undergone 
various mechanical treatments, by the interference method with high speed elec- 
tronic rays. 

The method followed and the apparatus used were the same as in the study of 
gutta-percha described by us in a recently published article in this journal.” 

In view of the object of our investigation, the work was limited to an examina- 
tion of unstretched rubber. Films of extreme thinness required for the method 
were obtained by allowing very dilute solutions in benzene or benzine to fall drop- 
wise in the usual way on a large surface of water. After evaporation of the solvent, 
the films of rubber obtained were very irregular and for the most part were too 
thick for the purpose. Only after numerous unsuccessful attempts did we suc- 
ceed in obtaining films which were sufficiently transparent to electron rays. 

The chief difficulty was in lifting the films from the surface of the water and in 
preserving them during the time required for the examination without their be- 
coming curled or broken. For the most part the films of rubber were not of 
homogeneous thickness, but resembled a net, the meshes of which tended to be- 
come larger with time. This was very evident by the shadow on the fluorescent 
screen which preparations of uneven thickness gave from the effect of diffused rays 
whenever they were examined with electron rays. This shadow gave an image 
much over ten times the form and thickness of the sample in virtue of a phe- 
nomenon which is utilized by one type of electronic microscope. 

The rubber films of several ten-thousandths of a millimeter in thickness must be 
examined soon after their preparation and in the present work were held by sup- 
ports made of metal sheets with holes of about one-half millimeter or else by metal 
screens having several hundred holes per square centimeter. 

Films of rubber which are unsupported over a greater area than this do not re- 
main intact when their thickness is that mentioned above. 

Besides a diffused blackening, which was prominent in all cases, numerous films 
showed certain more or less sharp lines in the photographs with E rays. In 
preparations of greater thickness the diffused blackening was predominant and, 
instead of lines, halos appeared, the maxima of which could not be measured 
in many instances. 

Some photographs which were obtained with exceptionally thin films showed two 
very sharp primary lines and a third faint one, while the diffused blackening was 
not pronounced. The following table gives the results of a photograph obtained 
with a benzene solution of Para rubber: 


Wave Lencta: 0.0431 (Basep on a PHoToGraprH oF Potassium IopIDE) 
DISTANCE OF THE FILM FROM THE APPUARATS: 422 Mm. 


Denese 
nterference Rays, a 
Mm. en 2 d 


h 
8.9 0.01056 4.82 0 
17.8 0.02108 2.044 0 
26.— (halo) 0.03081 1.399 0 


Numerous preparations of rubber from different sources, which were examined 
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under similar conditions, all gave the same lines, more or less sharp or faint, or else 
in many cases gave very much enlarged halos in the same positions. 

The calculated value of the identity period varied in the different photographs 
from 8.1 to 8.4 A. U. Such a variation should probably be attributed not to an 
actual variability in the identity period but to the method, and is caused by the 
displacement which the position of the maximum intensity of a weak halo undergoes 
through the superposition of the diffused blackening, which is sometimes very 
great and which diminishes greatly from the center to the periphery of the photo- 
graph. Such superposition of the two curves of the intensity leads to an apparent 
displacement of the maximum of the halo toward the smallest angles of refraction 
and therefore to a value calculated from the larger identity period. 

Some thin films of rubber were also obtained by evaporation of liquid films of 
very dilute solutions. Under examination by E rays, the results were the same 
as with the films prepared on the surface of water. 

Attempts to obtain thin films directly from latex gave negative results, since 
even with widely different methods the samples were always too thick for examina- 
tion by transparency with E rays. 

Some rubber preparations gave, in addition to the so-called lines and halos and 
more or less intense diffused blackening, points of interference which were generally 
disordered as in a badly oriented Laue photograph, similar to that obtained by 
Hengstenberg for rubber stretched two to three times and strongly chilled.'* This 
shows that minute crystals can exist even in unstretched membranes. The small 
number and slight intensity of such points indicate that the part of the rubber 
which is well crystallized represents a small fraction of the total, the largest part 
being disoriented (diffused blackening) or present in extremely small crystallites or 
in partially oriented aggregates (lines of diffraction or halos). 

Among the points which were observed, there were a certain number which were 
arranged like reflections corresponding to the different orders of two identity pe- 
riods, one of about 8.2-8.4 A. U., the other of 9.1-9.2 A.U. The experimental val- 
ues of the observed lattice distances were 8.25 (001), 4.22 (002), 2.10 (004), 9.16 
(010), 4.58 (020), 1.16 (080). These correspond approximately to the two known 
identity periods 6 and c of stretched rubber. 

The most important result is therefore that unstretched rubber, which does not 
show itself to be crystalline when examined with x-rays, reveals instead an oriented 
structure when very thin sheets, prepared in the manner described above, are ex- 
amined with high speed electron rays. Because of the non-homogeneous structure 
of the film already mentioned, it is also possible that there are local stresses. These 
cannot, however, be of any importance and are not capable of causing in themselves 
so pronounced an orientation as was observed. 

These experimental results are not necessarily at variance with the roentgeno- 
graphic data, since they are due to the greater sensitivity and to the greater dif- 
fraction phenomena with electron rays, which make it possible to detect the pres- 
ence of extremely small crystallites which, in the case of rubber, may correspond to 
molecular dimensions. 

In conclusion, one must abandon without further hesitancy the hypothesis that 
rubber molecules in thin unstretched films are arranged in a contracted and spiral 
form, as some authors have maintained is the case with rubber at ordinary tem- 
perature and in the unstretched state. Instead it seems reasonable to assume that 
the individual molecules, though for the most part arranged in disoriented form 
with respect to one another, show sufficiently long rectilinear distances to permit 
the repetition of the identity period enough times to give lines of interference which 
are sufficiently distinct, 
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Nevertheless it cannot be excluded that under certain conditions all, or the greater 
part, of the molecules are oriented, though the fact that a strong diffused blackening 
is obtained makes it probable that the orientation is confined to a fraction of the 
molecules and probably to a small fraction. 

It can also be assumed that this orientation of the rubber molecules in the un- 
stretched state exists only in the case of very thin films, and that it is the method 
of preparation of the films which may lead to an arrangement of the long molecules 
parallel to the plane of the films themselves, and therefore to their partial orienta- 
tion. 

In thicker films, the lines degenerate into large halos, comparable to those of 
liquids and of gases, which confirms the fact that rubber at the ordinary tempera- 
ture must be regarded substantially as a liquid, made up of very long filiform mole- 
cules, the free movement of which is hindered, in contrast to ordinary liquids, by 
the length of the molecules themselves (according to Staudinger 1000-5000 A. U.) 
and by the reciprocal van der Waals forces of attraction, and finally by the steric 
hindrances of the lateral methyl groups. 
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Forms of Rubber as Indicated by 
‘Temperature-Volume Relationship 


Norman Bekkedahl 


I. INTRODUCTION 


This paper describes measurements of the change of volume of rubber with change 
of temperature, which have been used as a means for determining the forms in 
which rubber may exist and ascertaining the conditions under which transition from 
one form to another may occur. 

This work is part of a study of the basic thermodynamic properties of rubber 
which is being conducted at the cryogenic laboratory of the National Bureau of 
Standards. In this study, an attempt was first made to measure the heat capacity 
of rubber over a wide range of temperature, but under some circumstances anoma- 
lies due to change in phase were encountered which took place so slowly that it was 
impracticable to follow them through by calorimetric methods. These anomalies 
have been studied by the measurement of the changes in volume or coefficient of 
expansion associated with them, it being possible to follow changes in volume over 
as long a period of time as desired. At temperatures at which rubber is relatively 
stiff and rigid, measurements of length have been used as an adjunct to the volume 
measurements. 

Measurements of the temperature-volume relations of rubber have been made by 
several previous investigators who have recognized the existence of rubber in differ- 
ent forms. The contribution of the present investigation lies in the fact that it 
reports a somewhat more comprehensive and systematic study than has been made 
previously. The findings are largely in accord with those of the other workers, as 
will be brought out in a subsequent section of the paper. 

The results of the measurements indicate that between — 190° and +85° C. un- 
vulcanized rubber may exist in at least 4 forms. Similar measurements on vulcan- 
ized rubber demonstrate the existence of 2 analogous forms, while the behavior on 
stretching points to the possibility that the other 2 analogous forms may exist in 
stretched rubber. The temperatures of transition have been determined approxi- 
mately, and observations have been made on the rates of transition under various 
circumstances. Thus a foundation has been laid on the basis of which the calori- 
metric investigations referred to above can be conducted with facility. 

The anomalies which have been observed in the temperature-volume measure- 
ments of the unstretched rubber find a close counterpart in preliminary 
measurements of heat capacity by the author, and also in data published by 
other investigators. Indications of anomalies corresponding to those found in the 
temperature-volume studies described in this paper were also found in studies of 
the electrical and of the mechanical properties of rubber. 


II. TYPES OF RUBBER INVESTIGATED 


The samples on which measurements were made included crude rubber in the 
form of smoked sheet, rubber hydrocarbon, and compounds of the latter with sulfur. 
Rubber hydrocarbon was prepared by the digestion of latex with steam at about 
190° C. and the subsequent extraction of the resins and the products of hydrolysis 
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with alcohol and water.! Where the term rubber hydrocarbon is used without quali- 
fication in this paper, this product is understood. The vulcanized samples con- 
tained 2, 4, and 6 per cent of sulfur, and were prepared from rubber hydrocarbon 


a 




















Figure 1—Dila- 
tometer Used for 
Determination of 
Temperature- 
Volume Rela- 
tions of Rubber 
and Confining 

Liquids 


and sulfur. They were vulcanized so as to bring all but a few 
hundredths of a per cent of the sulfur into combination with the 
rubber. 


III. APPARATUS AND EXPERIMENTAL PROCEDURE 


The measurements of the change in volume of rubber were 
made by enclosing samples with suitable confining liquids in 
dilatometers and observing the changes in height of the liquid in 
calibrated capillary tubes when the dilatometers and contents 
were subjected to different temperatures. The dilatometers 
were made of a laboratory glass having a low coefficient of 
expansion. The measurements of the change of length were 
made with the fused quartz tube apparatus described by Hidnert 
and Sweeney.’ 


1. Description of Dilatometers 


The dilatometers were patterned after liquid-in-glass ther- 
mometers and consisted of bulbs sealed to capillary tubes as 
shown in Fig. 1. In making them, the capillaries were first 
sealed to tubes about 2 cm. in diameter, leaving the end opposite 
the capillary open. Weighed samples of rubber were then 
placed inside the tubes and the ends quickly sealed, taking care 
not to scorch the rubber. The dilatometers containing the 
samples were weighed, filled to a mark on the capillary with a 
confining liquid at a given temperature, and again weighed. The 
volumes of the dilatometers were found from the weights and 
densities of the samples and confining liquids at a given tempera- 
ture. Volumes of the dilatometers at other temperatures were 
computed, using the volume of coefficient of expansion for the 
glass used.? 

Three sizes of capillaries were used, ranging from about 40 to 
90 cm. in length and having diameters approximately 0.6, 1.8, 
and 2.5 mm., respectively. They were calibrated in the usual 
way by measuring the length of a mercury thread of known 
weight. In the circumstances under which they were used they 
covered temperature ranges of about 8°, 40°, and 120° C.., respec- 
tively. The capillaries of the smaller diameters were used for the 
measurement of the coefficient of expansion over small intervals 
of temperature, while the larger were used to make series of 
observations continuously over a wide range. The smaller 
capillaries, of course, gave the more precise values. 

Density measurements which were required in the course of 


the investigation were made with a pycnometer of the type described by Ashton, 
Houston, and Saylor‘ which was found suitable for use not only at or above room 
temperature, but also at low temperatures. 


2. Confining Liquids 


Water, alcohol, acetone, and mercury were employed as confining liquids in the 
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temperature ranges for which they were respectively suitable. The alcohol was 
used in three different concentrations. Most of the measurements were made with 
a product which was taken from the laboratory supply and contained 89 per cent of 
ethanol and 11 per cent of water by weight. But to eliminate the possibility that 
the water content of this product may have influenced the results at low tempera- 
tures, measurements were also made with 92.5 per cent alcohol and with absolute 
alcohol as confining liquids. The acetone was of the chemically pure grade and was 
not further dehydrated or specially purified before use. The density and the vol- 
ume coefficient of expansion were determined for the particular samples of alcohol 
and acetone that were employed. The density and the coefficient of expansion of 
mercury and of water were taken from the International Critical Tables.® 


3. Measurement and Control of Temperature 


The temperature range covered in this investigation was from about —85° to 
+85° C. with the dilatometers, and from —190° to 0° C. in the case of length 
measurements. Measurements of temperature were made by means of calibrated 
copper-constantan thermocouples, the electromotive force of which was read on a 
Wenner potentiometer® having a precision of better than one microvolt. This is 
equivalent to a precision of at least 0.04° C. The measuring junction of the ther- 
mocouple was mounted in the bath with the dilatometers, and in the rubber sample 
itself for the length measurements. 

The dilatometers were maintained at the desired temperatures by means of liquid 
baths in Dewar flasks. Above the temperature of 0° C., water was used; below 
this acetone or a eutectic mixture of carbon tetrachloride and chloroform was em- 
ployed and was cooled with carbon dioxide snow. Temperatures somewhat below 
those given by the carbon dioxide snow alone were obtained by the additions of 
small quantities of liquid air. 

Slow rates of heating were usually obtained at temperatures below those of the 
room by allowing the baths to warm spontaneously. With efficient Dewar flasks, 
a period uf 2 or 3 days was required to reach approximately room temperature from 
—85°C.; by using unsilvered Dewar flasks more rapid warming was obtained. 

The samples for the length measurements were maintained at about —190° C. by 
means of a bath of liquid air. No observations were recorded between —190° and 
—95°C. Above the latter temperature an acetone bath was used. 


4. Computation of Coefficient of Expansion 


The method of computing the coefficient of expansion of rubber from the readings 
of the dilatometer is shown by the following example. A dilatometer containing 
rubber and alcohol gave a linear change of 8.10 cm. per degree Centigrade in the 
height of liquid in the capillary for the range from —4° to +4°C. The volume of 
the dilatometer including one-half of the capillary was 29.462 ml. at a temperature 
of 0° C., found as indicated above. Calibration of the capillary showed 1 cm. of the 
length to be equivalent to 0.003177 ml. The change in volume, therefore, was 
0.02573 ml. per degree Centigrade at a temperature of 0° C. for the rubber and alco- 
hol together, or 0.000874 vol./vol./° C. 

The change in volume of the alcohol was 0.00108 vol./vol./° C. at a temperature 
of 0° C., determined by measurements in a similar dilatometer. 

In the dilatometer containing rubber, the sample weighed 13.032 g. and occupied 
a volume of 14.150 ml. at a temperature of 0° C., taking the density to be 0.921’ at 
that temperature. By difference, then, the volume of the alcohol at 0° C. was 
15.312. or the volume fraction of the alcohol 0.520. 





The following equation results: 
(0.520 X 0.00108) + (1 — 0.520) x = 0.000874 
which, when solved, gives: 
zx = 0.00065. 


This then is taken as the coefficient of expansion of rubber at a temperature of 0° C. 


IV. RESULTS WITH UNVULCANIZED RUBBER 


The results which were obtained in the studies on unvulcanized rubber indicate 
that it may exist in different forms. For simplicity and clarity in presentation, a 
general statement regarding these forms will be made first and this will be followed 
by a description of the observations and experiments. 


1. Forms of Unvulcanized Rubber 


The temperature-volume measurements on unvulcanized rubber exhibited two 
types of anomalies. One of these was the well-known freezing of rubber. This 
was accompanied by a change of volume of about 2.7 per cent and was found to 
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Figure 2—Relation between Volume of Rubber Hydrocarbon and Temperature 


Below the transition at 11° C. the amorphous form is metastable and the crystalline form is 
stable. The dotted portions of the curves were computed from length measurements. 


occur in the temperature range 6° to 16° C. The transition was half complete at 
about 11° C. and is considered for discussion as the 11° C. transition. As will be 
discussed in a subsequent section, the results of other workers show that frozen 
rubber is crystalline, and it will be so considered throughout this paper,® while the 
ordinary form of rubber will be regarded as amorphous. The crystallization of 
rubber on cooling is a relatively slow process so it was found possible to deal with 
the amorphous phase of rubber as well as the crystalline phase at temperatures be- 
low 11° C, 

The second type of anomaly was observed at about —72° C. When either the 
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amorphous or the crystalline rubber was subjected to temperatures below this, a 
marked change in the coefficient of expansion was observed, the coefficient below 
this temperature being only about one-third as great as that above it. 

The relation between the relative volumes of these different forms of rubber is 
shown graphically in Fig. 2. In this figure the relative volume of rubber is plotted 
as a function of the temperature, taking the volume of rubber as unity in the fa- 
miliar amorphous form at a temperature of 0° C. As a matter of convenience the 
various forms of rubber are here designated: The ordinary amorphous form above 
—72°C. is called amorphous rubber I; below —72°C., amorphousrubber II. The 
crystalline forms are likewise called crystalline rubber I and crystalline rubber II 
as shown in the figure. 

The curves indicate that rubber exists in the amorphous I form at room tempera- 
ture but that below the transition at 11° C. it may either remain in the amorphous I 
form or undergo transition to the crystalline I form depending on the time and 
temperature. The crystalline form has the smaller specific volume and is the stable 
form below about 11°C. The amorphous form is metastable below this tempera- 
ture. At about —72°C. the crystalline I form undergoes transition to the crystal- 
line II form which is apparently the stable form at low temperatures. At approxi- 
mately the same transition temperature the amorphous I form changes to the 
amorphous II form which, although it is evidently metastable, has not been ob- 
served to undergo transition to the crystalline II form. 


2. Measurements of Changes of Volume of Rubber 


The solid line curves in Fig. 2 represent measurements which were made on rubber 
hydrocarbon using the 89 per cent alcohol as the confining liquid. The exploration 
of the temperature range from —80° to +40° C. was made with use of a dilatome- 
ter having a capillary tube of such capacity that the entire range was covered 
without the addition or removal of confining liquid. The dotted portions of the 
curves were computed from length measurements to be described later in the paper. 
Observations in other ranges were made with dilatometers having small capillaries 
so that more precise measurements could be made on the coefficients of expansion 
and on the change in volume. Individual points are not shown for the curves in 
Fig. 2 because the amounts by which they deviate from the curves are not ap- 
preciable for the scale used. The precision of the measurements is illustrated by 
Fig. 3, curve D, in which the portions of the curves showing the transitions from the 
I forms to the II forms are drawn on a larger scale. 

Measurements with acetone, with 92.5 per cent alcohol, and with absolute alcohol 
as confining liquids are also shown in Fig. 3. The curves with the three concentra- 
tions of alcohol all point to a transition at about —72° C., but the curve obtained 
with acetone gives no indication of a transition. Evidence from changes in length 
and in other properties with temperature indicates that the results with alcohol, 
rather than with acetone, represent the true state of affairs. It is possible that the 
discrepancy is due to the swelling action of acetone on rubber, but further experi- 
mental work is required before a definite explanation can be offered. 

Measurements on crude rubber gave results closely similar to the above results on 
rubber hydrocarbon. The freezing occurred in the same temperature range, 6° to 
16°C. The I-II transitions of both the amorphous and crystalline rubber occurred 
at about —72°C. The numerical values of the volume change on crystallization 
and the coefficient of expansion differed slightly from those for the rubber hydro- 
carbon as will be indicated in Section 5. 
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3. Rate of Crystallization of Rubber 


Observations were made on the rate of crystallization of rubber as indicated by 
volume measurements at several temperatures, particularly at 0°C. When rubber 
was cooled from +40° to —72°C. ata fairly uniform rate in 4 or 5 hours, the volume 
decreased in a nearly linear manner with the temperature as is shown in the upper 
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Figure 3—Relation between Volume of Rubber Hydrocarbon and Temperature 
with Different Confining Liquids in the Dilatometers 


A, acetone; B, absolute alcohol; C, 92.5 per cent alcohol; D, 89 per cent alcohol. D is 
a large-scale drawing of a portion of figure 2. 


curve in Fig. 2. When it was allowed to warm at the same rate or more rapidly, 
the volume increased in the same manner. When the rubber was cooled to —72° C. 
as before and allowed to warm at a slower rate, such that 2 or 3 days or more were 
required to reach room temperature, the volume-temperature relation described 
this same curve up to about —25° C. But at some temperature near —25° C., 
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which differed from one experiment to another, the rubber began to decrease in 
volume with increasing temperature, and continued its decrease until the volume 
corresponded to that indicated by the lower curve in the figure. 

When crystallization was taking place with rising temperature there was a nega- 
tive coefficient of expansion, and when effected in a calorimeter there was a marked 
evolution of heat. When the volume decreased to that indicated by the lower 
curve, the temperature-volume relation was described by that curve. On further 
heating, the rubber underwent the 11° C. transition and returned to its original 
volume. 

Crystallization of rubber seemed to take place most readily at temperatures 
between —35° and —15° C. and was usually complete in a few hours. At the 
lower part of this range the transition became slower, and at still lower temperatures 
it did not take place. Samples which were kept below —50° C. for 3 weeks gave no 
indication of transition. One sample which had been cooled to the triple point of 
hydrogen, —259° C., in a calorimeter, on warming underwent transition at about 
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Figure 4—Decrease in Volume with Time as Rubber Hydrocarbon Changes from 
Amorphous I to Crystalline I Form at a Temperature of 0° C. 
































—35° C., indicating that crystallization had not taken place at the lower tempera- 
ture. 

The rate of transition at a temperature of 0° C. was measured, using dilatometers 
with alcohol, acetone, mercury, and water, respectively, as confining liquids. The 
measurements made on rubber hydrocarbon with alcohol as a confining liquid are 
shown in Fig. 4 in which the relative volume of rubber is plotted as a function of the 
time. The curve is S-shaped, which is characteristic of transitions of this type. 
The change in volume is apparently complete in about 10 days. This is in quite 
close agreement with the results of other investigators, as will be discussed in section 
VII. Similar curves were obtained for rubber hydrocarbon with other confining 
liquids, and also with crude rubber using alcohol as a confining liquid. But when 
ammonia-preserved rubber latex was kept at a temperature of 0° C. for a month, 
no change in volume was observed. 

The reverse transition—that is, the one from the crystalline I form to the amor- 
phous I form of rubber—seemed to take place without appreciable delay. Mea- 
surements on the rate of transition were made with different rates of warming with- 
out significant variation in results. Samples of crude rubber which had been in the 
crystalline state for several weeks were quickly withdrawn from the ice bath and 
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were placed in water at about 25°C. The stiffness and opacity disappeared within 
the time required for the samples to reach temperature equilibrium. When crys- 
talline samples were warmed to about 10° C. in the dilatometers and cooled again, 
the temperature-volume relation described exactly the lower curve without lag. 


4. Change of Volume of Rubber of Crystallization 


The magnitude of the volume change which accompanies the transition of rubber 
from the amorphous to the crystalline form is indicated by the results previously set 
forth in Figs.2and4. The measurements of the change in volume which were made 
with the different confining liquids at a temperature of 0° C. gave somewhat differ- 
ent results for the change in volume depending upon the liquid used. The results 
are given in Table I. For purified rubber the change was from 2.43 per cent with 
mercury to 2.81 per cent with acetone, the average being 2.65 per cent. The varia- 
tion was considerably greater than the probable experimental error, and may have 
been due to the action of the confining liquids on the rubber. 


TABLE I 


DECREASE IN VOLUME IN THE TRANSITION FROM AMORPHOUS TO CRYSTALLINE RUBBER 
AT A TEMPERATURE OF 0° C. WHEN OBSERVED IN THE PRESENCE OF DIFFERENT Con- 
FINING LiquIpDs 


_ Decrease 
' ' ne in Volume, 
Material Confining Liquid Per Cent 


Rubber hydrocarbon Alcohol, 89 per cent 2.65 
Do Acetone 2.81 
Do Mercury 2.43 
Do Water 2.70 


Average 2.65 
Smoked sheet rubber Alcohol, 89 per cent 2.20 


The volume change with crude rubber was 2.20 per cent, alcohol being used as the 
confining liquid. Assuming that crude rubber is 93 per cent hydrocarbon, this is 
equivalent to a volume change of 2.37 per cent for the hydrocarbon content. 


5. Coefficient of Expansion of Different Forms of Rubber 


Determinations of the volume coefficient of expansion of rubber hydrocarbon in 
different forms were made in dilatometers provided with small capillary tubes. 
These tubes were about 75 cm. in length and were of such bore that consecutive 
measurements could be made over a temperature range of about 8° C. To make 
measurements at other temperatures, it was necessary to add or remove confining 
liquid. The measurements of temperatures below that of the room were made 
while the dilatometers and their contents were warming slowly, and measurements 
at higher temperatures while the dilatometers were cooling slowly. The rates of 
heating and cooling were of the order of 2° C. per hour. The bath was stirred 
constantly so that for practical purposes the contents of the dilatometers may be 
regarded as being at bath temperatures at all times. 

The results are shown in Fig. 5, in which the volume coefficient of expansion is 
plotted as a function of the temperature. The coefficients of both the amorphous I 
and the crystalline I forms bear a nearly linear relation to the temperature, de- 
creasing slightly with decreasing temperature. The coefficient for the crystalline 
form was not so accurately determined but was found to be about 15 per cent lower 
than that of the amorphous form. 
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The volume coefficients of expansion for the amorphous I form of rubber between 
the limits of +85° and —72° C. can be calculated from the equation, 


. = 0.00067 + 0.0000007 (t — 25) 


or its volume may be found from the equation, 
Vi = Vos[1 + 0.00067 (t — 25) + 0.0000004 (t — 25)?] 


; a - : ; : 
in which 5 is the rate of change of volume with temperature, ¢ is the temperature in 
degrees Centigrade, V, is the volume at the temperature, ¢, and V2; is the volume at 
25° C. 

At about a temperature of —72° C. the coefficients of expansion of each form 
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Figure 5—Relation between Coefficients of Expansion of Different Forms of Rubber 
Hydrocarbon and Temperature 


undergo a marked change, below which both forms have values of approximately 
0.00020. This latter value was not determined with as great accuracy from volume 
measurements, since they were carried to only about —85° C. The measurements 
which have thus far been made do not suffice to indicate whether the amorphous I- 
amorphous II and the crystalline I-crystalline II transitions take place at the same 
or at slightly different temperatures. No lag was noticed in the transitions be- 
tween the lower temperature forms and the amorphous I or crystalline I forms. 


6. Linear Expansion of Rubber 


Measurements of the linear expansion of rubber were made’ to afford an inde- 
pendent check on the results of volume measurements, and to extend the observa- 
tions to temperatures below those at which the ordinary confining liquids could be 
used. The specimen employed was in the form of a rod about 11 cm. in length and 
1.5 cm. in diameter. Measurements of the change in length were made with a dial 
gage graduated to 0.01 mm., using the quartz tube apparatus referted to above. 
Observations were made on the sample first in the amorphous form and then after it 
had been converted to the crystalline form. The results of the measurements are 
shown in Fig. 6 in terms of relative length plotted as a function of the temperature. 

The observations on the sample in the amorphous form extended from the tem- 
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perature of liquid air, or about —190° C., to about —72° C., above which tempera- 
ture the sample decreased in length and gave indication that it was undergoing defor- 
mation under the pressure exerted by the measuring mechanism. In the crystal- 
_ line form, however, it was found possible to observe the expansion from —190° to 

0° C. No plastic deformation occurred, since at the end of the run the sample 
resumed its original length when replaced in liquid air. 

Relative positions of the curves for the amorphous and the crystalline forms in the 
figure were not found by direct observation, but were computed from the change of 
volume on crystallization as measured with the dilatometer. 

The curve for the crystalline form gives an indication of a transition in the neigh- 
borhood of —70° C., thus substantiating the results obtained with the dilatometers 
in which alcohol was used as a confining liquid. 

The average linear coefficient of expansion for the amorphous II form between 
—190° and —72° C. was 0.000060, while that for the crystalline II form was 
0.000054. The volume coefficients which may be derived from these linear coeffi- 
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Figure 6—Relation between Length of Specimen of Rubber Hydrocarbon and Tem- 
perature 


Measurements on the amorphous II form were discontinued at about —70° C. because of soften- 
ing of the sample. 


cients, assuming the rubber to be isotropic, are 0.00018 and 0.00016, respectively. 
These values are consistent with the value 0.00020 obtained from the dilatometer 
measurements between —85° and —72° C. They are slightly lower since they 
refer to a lower mean temperature. In the case of nearly all substances the coeffi- 
cient of expansion decreases with decreasing temperature. 

The average linear coefficient of expansion for the crystalline I form from —72° 
to 0° C. was 0.00014; this corresponds to a volume coefficient of 0.00042, which is 
somewhat lower than the value 0.00053 obtained with the dilatometer. No definite 
explanation can be offered for this discrepancy, but it is possible that the pressure 
exerted by the measuring mechanism prevented equal expansion in all directions. 


Vv. RESULTS WITH VULCANIZED RUBBER 


Temperature-volume measurements were made on vulcanized rubber from —85° 
to +85° C., and showed only one anomaly, which was comparable to the transition 
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occurring at —72° C. with the unvulcanized rubber. This anomaly was a change 
in coefficient of expansion, and with different compounds occurred at temperatures 
determined by the percentage of combined sulfur. Analogous to the nomenclature 
for unvulcanized rubber, the ordinary vulcanized rubber is called the amorphous I 
form and that having the low coefficient of expansion the amorphous II form. 

The measurements on the vulcanized samples were made with dilatometers hav- 
ing capillary tubes of such capacity that a range of about 40 degrees Centigrade 
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Figure 7—Relation between Volume of Rubber-Sulfur Compounds and Tempera- 
ture 


Curve A refers to a compound with 2 per cent sulfur, Curve B to a compound with 4 
per cent, and Curve C to a compound with 6 per cent. I and II refer to the amorphous I 
and amorphous II forms, respectively. 


could be covered by a continuous series of observations. The results are, therefore, 
somewhat less precise than those obtained with unvulcanized rubber. 

The relative volumes of the samples are shown in Fig. 7 as a function of the tem- 
perature. In the case of each of the three compositions the relation to temperature 
is linear and is characterized by an abrupt change of slope. For the sample con- 
taining 2 per cent of combined sulfur, this change occurs at about —72° C.; for 4 
per cent it occurs at about —62°C.; and for 6 per cent at about —53°C. Thedata 
are not sufficiently precise to give exact values for the coefficient of expansion. 
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Within experimental error the coefficients of expansion above the transition points 
are the same and are about 0.00065; below the transitions they are all about 
0.00022. 


VI. DISCUSSION 


The crystallization of rubber is essentially the same as the crystallization of any 
organic substance of high molecular weight. It is a relatively slow process and is 
speeded up by a certain degree of supercooling. Cooling quickly to a temperature 
considerably below the transition point, however, inhibits crystallization, presum- 
ably for the reason that the viscosity of the rubber becomes so great that the molecu- 
lar orientation cannot take place to any appreciable extent. This is comparable 
to the supercooling and formation of glassy modifications by many substances. 

In contrast to the behavior of unvulcanized rubber, vulcanized rubber, unless 
external force is applied, undergoes no volume change which might be attributed to 
crystallization at any temperature in the range covered by the investigation. This 
may be explained by assuming that in unvulcanized rubber the molecules have a 
sufficient degree of mobility to permit the formation of crystals, while in vulcanized 
rubber the molecules are linked together with sulfur or are so held by other forces 
that orientation to the extent necessary for the crystallization cannot take place 
spontaneously. There is, however, ample evidence that the application of external 
force may produce crystallization. The formation of x-ray diffraction patterns in 
stretched rubber is one type of evidence, while the change in volume of rubber after 
stretching is another. This matter will be discussed further in a subsequent section 
of this paper. 

The low temperature transitions which are observed to occur in both forms of the 
unvulcanized rubber and in the amorphous form of the vulcanized rubber are of the 
type considered by Ehrenfest’® as transitions of the second order. In these transi- 
tions AS and AV are zero at constant temperature, but ae and a are not zero; 
S being the entropy, V the volume, and 7’ the temperature. 

Transitions of the second order are considered to arise from changes which take 
place within the molecule, such as excitation by rotation or vibration, in contrast to 
transitions of the first order which are associated with molecular phenomena, such 
as crystallization or changes of crystal structure. From this standpoint it is reason- 
able that the transitions from form I to form II for both the amorphous and the 
crystalline rubber should occur in the same temperature range, since the two forms 
are probably the same as regards the internal structure of the molecules. 

The transitions from form I to II for the vulcanized rubber were observed to occur 
at temperatures which are determined by the percentage of sulfur in combination 
with the rubber. This is in accord with the well-established principle of organic 
chemistry that the addition of an atom or radical to a long chain molecule affects the 
properties not merely of the atom or groups to which the addition is made but also of 
remote parts of the molecule. Consequently, it is reasonable that the temperature 
at which the transition occurs should be changed by the addition of even a relatively 
small proportion of sulfur. 

The crystallization of unvulcanized rubber is not sharp but takes place over the 
range 6° to 16°C. This fact indicates that the material dealt with is not a single 
definite molecular species but is a mixture of two or more kinds of molecules. The 
data here presented, however, are not adequate to warrant any speculation as to the 
number of types of molecules involved. 

The present investigation does not afford a complete description of the forms of 
rubber because it does not include the well-known form of frozen rubber which 
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undergoes transition to the amorphous form at about 35°C. The investigation of 
this form of rubber is in progress but the indications are that a long time, perhaps 
years, may be required for an adequate study since the transformation from the 
amorphous form to this crystalline form is very slow. 


VII. COMPARISON WITH OTHER INVESTIGATIONS 


The results of the present investigation serve to clarify and codrdinate a variety 
of different observations that have been made regarding the influence of tempera- 
ture on the properties of rubber. The measurements here reported for the transitions 
and for volume changes associated with the transitions are in agreement with some 
of the determinations by previous investigators which are summarized in Table II. 
The existence of rubber in different forms has a direct bearing on phenomena as 
diverse as the behavior of rubber on stretching and the change of electrical proper- 
ties with temperature. 


TABLE II 


CoMPARISON OF THE Data OF DIFFERENT INVESTIGATORS ON THE CRYSTALLIZATION OF 
RUBBER 


Kind of Rubber Temperature of Volume Change 


Melting 
About 35° C. after 
storage for several 
years in the frozen 
condition 
About 8° C. 


Investigators Type of Measurement 


Bunschoten Raw 2.0 per cent at 


35° C, 


Density 


Smoked sheet Qualitative obser- 


vations only 


Volume change in 
dilatometer 
Hardness 


Ruhemann and 
Simon 
van Rossem and 
Lotichius 
Do 


Latex sheets 2° to 15° C. 


Do Do 2.5 per cent at 
one, 

3.1 per cent at 
35° C. 


Density 


Do Do About 35° C. after 
storage for several 
years in the frozen 
condition 

Below room tempera- 
ture after storage 
for several months 
at 0° C.; between 
room temperature 
and 50° C. after 
similar storage un- 
der pressure 


Do 


Manual examination Milled crude 


Smith, Saylor, 
and Wing 


Gibbons, Gerke, 
and Tingey 
Present author 


Do 


Observations on crys- 
tals under polariz- 
ing microscope 

“*T-50"' test 


Heat capacity 


Volume change in 
dilatometer 


1. 


Pure ether-solu- 
ble fraction 


Smoked sheet 


Rubber hydro- 
carbon 

Rubber hydro- 
carbon and 
smoked sheet 


8° to 11° C. depend- 
ing on conditions 
of measurement 
16° C. 


6° to 16° C, 


Do 


Freezing of Rubber 


2.65 per cent at 


oC. 


The work of previous investigators points to the existence of two forms of frozen 


rubber: one, the form melting at about 35° C., and the other, a form which may be 
identified with the one here designated as crystalline’I. Van Rossem and Loti- 
chius" obtained the first of these by keeping rubber at a low temperature for several 
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years, and the second by keeping rubber at a temperature of 4° C. for about 10 
days, or at —10° C. for 3 or4days. The conditions under which the latter product 
was obtained were comparable to those found in the present investigation for pro- 
ducing the crystalline I form. The temperature range of transition to the amor- 
phous form was 2° to 15° C., which is roughly the same as the range 6° to 16° C. found 
for the crystalline I form. 

Carson!” observed both types of freezing in crude rubber which had been kept in 
storage for 9 months. Samples which had been under an applied pressure were 
found to thaw at a temperature between that of room and 50° C., while the samples 
to which no pressure had been applied thawed at a temperature below that of room. 
The first of these may be identified with the form melting at about 35° C., and the 
second with the crystalline I form. 

Recently Smith!* and co-workers at this Bureau measured the properties of crys- 
tals of the pure ether-soluble fraction of rubber hydrocarbon. Their product was 
designated as true crystals to distinguish it from frozen rubber in which the indi- 
vidual crystals are not discrete. The true crystals melted sharply at temperatures 
which varied from 8° to 11° C. with the conditions under which the determinations 
were made. These temperatures lie within the range found in the present investi- 
gation for the crystalline I-amorphous I transition, and it is probable that the 
product represents a single molecular species which is one of the constituents of the 
rubber used by the present and other investigators. 

The volume change on crystallization was investigated by Bunschoten,'4 who 
found a change of 2.0 per cent for the transition at 35° C. Van Rossem and Lo- 
tichius, however, found a change of about 3.1 per cent for this transition at 35° C., 
and a change of about 2.5 per cent for the transition from the amorphous I to the 
crystalline I form at a temperature of 0° C. The latter determination is in fair 
agreement with the average value, 2.65 per cent, found in the present investigation. 

Ruhemann and Simon!* made some observations on the behavior of crude rubber 
in a dilatometer with mercury as a confining liquid. The curve which they ob- 
tained for the temperature-volume relation was but semi-quantitative, and showed 
a deviation from a straight line from about —25° to +10°C. for which they offered 
no explanation. From the present results, however, it appears that when the 
sample was cooled to a low temperature it remained in the amorphous form at 
the lower temperatures, but when it was warmed slowly partial transition to the 
crystalline phase took place through the range —25° to +10° C. with a resulting 
deviation from a straight line in the temperature-volume curve. At about 10° C. 
the sample returned to its original amorphous condition, and the temperature- 
volume relation was again represented by a straight line. 

Katz and Bing’* studied the x-ray diffraction patterns of frozen rubber and con- 
cluded that it was crystalline, the crystals being in random orientation rather than 
in definite alignment as in stretched rubber. 

Pummerer and Von Susich” sought, by means of x-ray diffraction studies, for 
evidence of crystallization in rubber that had been kept at —190° C. for 8 days, 
but found none. This negative result is easily understood from the results of the 
present investigation which show that crystallization takes place readily only in the 
range from about +11° to —35° C., while at much lower temperatures the rate 
becomes so slow as to be inappreciable. 

Unpublished work by the present author on the measurement of heat capacities 
of rubber indicates a transition of the first order in the vicinity of 10° C. which is 
consistent with other findings of the present investigation. Ruhemann and 
Simon,'* however, found a large latent heat effect at a temperature of 0° C. No 
interpretation for this latter observation can be offered at the present time. 
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2. Crystallization of Rubber by Stretching 


Several lines of evidence indicate that the crystallization of rubber which is 
brought about by stretching is closely allied to, if not identical with, the crystalliza- 
tion produced by freezing. Katz and Bing found, as was mentioned above, that 
the x-ray diffraction patterns of frozen rubber and of stretched rubber were identical 
except that the crystals in the frozen rubber were in random orientation. Davey 
and his co-workers!® showed that a small interval of time elapses between the exten- 
sion of a sample of rubber and the appearance of an x-ray diffraction pattern. A 
similar time lag was recently observed in connection with the decrease in volume of 
rubber on stretching.2° Measurement of the change in volume was found to afford 
a simple means for following the progress of crystallization. Under some circum- 
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Figure 8—Temperature-Volume Relations of Stretched and Unstretched Rubber 


At A rubber is stretched; from A to B transition from amorphous to crystalline form 
occurs; at B rubber is released; between B and D rubber is allowed to warm, retraction 
being one-half complete at C; from C to A rubber is cooled to complete cycle. 


stances a considerable part of the volume change occurred within a few seconds after 
the stretching, while under other circumstances a similar change required hours. 
This is further evidence that the rubber molecules do not form a crystal lattice in 
the process of stretching, but that crystallization is a subsequent and distinct 
process. 

The melting of unvulcanized rubber which has been crystallized by stretching 
occurs in the same range of temperature as that of rubber crystallized by cooling. 
This is indicated by a comparison of the results of the “7-50” test described by 
Gibbons, Gerke, and Tingey”! with measurements made in the present investiga- 
tion. In the 7-50 test, rubber which has been stretched and cooled quickly is 
released and allowed to warm, observations being made on the temperature at 
which the rubber retracts to 50 per cent of the original elongation. The above- 











20 


mentioned investigators found a retraction temperature of 16° C. for smoked sheet 
which had been stretched to 700 per cent elongation. This corresponds to the 
higher temperature of the melting range, 6° to 16° C., reported in a previous section 
of this paper. This agreement is as would be expected since the restoring forces in 
stretched crystalline rubber would become operative only after much of the crystal 
structure had disappeared. 

Measurements of the change in volume of rubber under conditions comparable to 
the T-50 test afford further evidence that the crystallization produced by stretching 
is comparable to that brought about by cooling alone. The results of one experi- 
ment”? in this connection are shown in Fig. 8. In this experiment rubber rings cut 
from lightly-milled pale crepe were stretched to an elongation of about 350 per cent, 
and cooled at once to a temperature of about 1° C. at which they were kept for 19 
hours. The volume decreased rapidly at first, and then more slowly. The magni- 
tude of the change which took place is indicated by the Curve AB. The rings were 
then released and allowed to warm slowly, and the increase in volume observed, the 
results being given by Curve BCD. Although released, the rubber remained in its 
elongated form until a temperature of about 10.5° C. was reached at which con- 
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Figure 9—Relation between Dielectric Constant of Rubber Hydrocarbon and 
Temperature 


The data are from the paper referred to in footnote 26. The forms of rubber shown are 
those indicated by the present investigation. 


traction in length began. At 12° C. it had contracted to 50 per cent of its elonga- 
tion in the stretched condition, but recovery was not complete until a temperature 
of 24° C. had been reached. The rubber samples were again cooled to a tempera- 
ture of 1° C. and measurements made as indicated by Curve DA to complete the 
cycle. 

The volume change on crystallization here observed was only 1.86 per cent, com- 
pared with 2.20 per cent for the crystallization of smoked sheet rubber by cooling 
alone. In another experiment, however, a volume change of 2.54 per cent was 
observed when rubber produced by the evaporation of latex was stretched to an 
elongation of 500 per cent and kept at a temperature of 1° C. for 8 hours. The 
point of inflection of Curve BD is at 11° C., which is in agreement with the mid- 
point of the melting range found for rubber crystallized by cooling alone. 

The temperature at which rubber becomes brittle when cooled and bent quickly 
has been investigated by Kohman and Peek,?* who have found that the temperature 
is definite, and within limits is practically independent of the dimensions of the 
sample or the angle of bending. The temperature found for pale crepe was — 58°C. 
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and for smoked sheet —57° C. These temperatures bear no apparent relation 
to any of the changes in form which have been observed in the present investigation . 


3. Transitions of the Second Order in Rubber 


Ruhemann and Simon” found that unvulcanized rubber underwent a change in 
heat capacity at about —70°C. No latent heat effect was observed in connection 
with this transition, hence it is not a transition of the first order. Unpublished heat 
capacity measurements by the present author confirm the observations of Ruhe- 
mann and Simon as to the nature of this transition and the approximate tempera- 
ture at which it occurs. 

Kimura and Namikawa”* studied the specific gravity of rubber-sulfur compounds 
at different temperatures, and found that these compounds underwent changes in 
coefficient of expansion at temperatures which were determined by the percentage 
of sulfur. The temperatures of transition observed for the compounds containing 
2, 4, and 6 per cent of sulfur, respectively, in the present investigation are in agree- 
ment with values taken from a curve published by them. 


4. Electrical Properties of Rubber 


Evidence for the changes in the form of rubber can be deduced from the results 
of a recent investigation on the electrical properties of rubber.** In this investiga- 
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Figure 10—Relation between Dielectric Constant of Rubber Hydrocarbon and 

Temperature Showing Transition between Amorphous I and Amorphous II Forms 
tion it was found that the dielectric constant of the unvulcanized rubber was inde- 
pendent of the frequency at which the measurement was made. This being the 
case, the measurements of dielectric constants at all frequencies reported in the 
above-mentioned investigation have been averaged and the results are shown in 
Fig. 9 for temperatures from —75° to +50° C. The prominent feature of the 
curve in this figure is the group of high values for dielectric constant between the 
temperatures of —35° and —10° C. These are about 0.1 unit above a smooth 
curve drawn through points for other temperatures, and on the basis of the present 
investigation may be attributed to the crystallization of rubber. The samples on 
which these measurements were made were first cooled to —75° C., and observations 
then taken at intervals of about 10° C. while the temperature was slowly rising.?” 
Between —45° and —35°C. crystallization evidently took place and the values from 
—35° to —10° C. pertain to the crystalline rather than to the amorphous form of 
rubber. One effect of the crystallization would be to change the dimensions of the 
specimens and make the observed dielectric constant values too high by about 0.05 
unit. Taking a correction for this into consideration, the dielectric constant of the 
or form of rubber is about 0.05 unit higher than that of the amorphous 
orm. 
This series of observations was discontinued at —10° C. and a new series was 
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made from 0° C. to higher temperatures in which the samples were first cooled from 
room temperature to 0° C. in about 1 day. Probably a little crystallization took 
place, causing the value for the dielectric constant at 0° C. to be a little greater than 
that represented by the smooth curve. 

Careful examination of the dielectric constant data in the low temperature range 
indicates by the change in slope of the curve a slight but definite anomaly between 
—75° and —65°C. Dielectric constant measurements were repeated at intervals 
of about a degree from —80° to —60° C.%* The results of these measurements 
which are given in Fig. 10 show a transition between —73° and —67°C. This 
transition may be identified with the one in which form I of the amorphous rubber 
changes to form II. 

The values for the dielectric constant given in the figure were corrected for tem- 
perature using the coefficient of expansion 0.00022 below —72° C. and 0.00060 
above this temperature. 
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A Mathematical Treatment of a 
Theory of Rubber Structure 


T. R. Griffith 


Nationa Researce Lasorarories, Orrawa, CANADA 


Abstract 


A brief consideration of the work that has been done on the structure of rubber 
convinces one that the elasticity is wholly or at least mainly explained by a con- 
sideration of the kinetics involved. 

The fact that when a strip of stretched rubber, one end of which is free, con- 
tracts when it is warmed, contrary to the behavior of most bodies, and that it 
becomes warmed on stretching, commonly known as the Gough-Joule effect,!519. 
pp. 453-461, would lead one to suspect that there is a connection between the 
kinetic energy of the rubber molecule and its elasticity. 

Lundal,?* Bouasse,’ Hyde,'* Somerville and Cope,*4 Partenheimer”* and Whitby 
and Katz‘! have reported observations, principally stress-strain curves, which 
show that vulcanized rubber has a lower modulus of elasticity at higher tempera- 
tures, 7. ¢., it becomes easier to stretch as the temperature is raised. On the other 
hand, Schmulewitsch,*! Stevens,” and Williams‘? found that the elastic modulus 
increases with the temperature. 

Williams* shows that the softening of vulcanized rubber with rise of tem- 
perature is due to an increase of plasticity. In order to get rid of plastic flow, he 
first stretches the specimen several times to within about 50 per cent of its breaking 
elongation, and then obtains an autographic stress-strain curve of the rubber 
stretched very quickly. He finds that in this case the rubber actually becomes 
stiffer with rise of temperature, increasing temperatures causing the stress-strain 
curves to lean progressively more and more toward the stress axis. He concludes 
that rise of temperature has two effects, one a softening due to increase of plasticity, 
rendering plastic flow more easy, the other an actual stiffening of the rubber due 
to rise of temperature. It is not easy to explain the latter effect on any theory 
which does not take kinetics into account. 

It is difficult, for example, to explain the stiffening of rubber with temperature 
rise by means of the well-known two-phase theory, which assumes both a liquid and 
a solid phase in rubber. In this connection Whitby* has shown that no liquid 
phase has ever been separated from rubber and that the so-called liquid phase 
which was supposed to be soluble in certain solvents shows the normal behavior 
of rubber. This phase is elastic, gives an x-ray pattern, and will also vulcanize. 

It has been shown first by Whitby*® and later by Staudinger and Bondy* that 
the molecule of crude rubber exists in several different states of polymerization. 

The needle molecule theory of Lindmayer,*4 which assumes a needle-shaped 
molecule about 14 times as along as its diameter, as well as the theory which 
supposes the molecule to be in the form of a spiral?-!?:15.21,22 postulates a peculiar 
shape of the rubber molecule itself as the cause of the elasticity and other properties 
of rubber. In this connection Whitby*® states that elasticity is shown not only by 
polymerized isoprene but by polymers of such widely different substances as 
methyl acrylate, styrene, vinyl acetate, sulfurized fatty oils, and by proteins, and 
that it can be caused to display itself in materials which are otherwise inelastic 
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by the introduction of swelling agents or the application of heat. It is thus difficult 
to conceive how the elasticity of rubber can be due to a peculiar shape of the 
molecule. This shape would have to be the same in all these polymers if either of 
these theories were correct. 

Shacklock*? developed mathematically, from an assumed structure for rubber, 
a stress-strain curve which explains the peculiar S-shape of the stress-strain curve 
for rubber in a manner entirely different from that of the present article, but the 
development rests upon the assumption of an elastic fibril. The theory developed 
in the present paper shows how the elasticity of rubber evolves purely from the 
kinetic motions of the molecules, their inherent stiffness and elasticity being 
neglected. 

The theory of rubber structure mathematically developed in this paper is es- 
sentially that of Boggs and Blake,‘ who describe rubber as a network of extremely 
long chains, each link in the chain being a C;Hs unit. 

Although an exact knowledge of the actual manner of combination of the C;Hs 
units to form a straight chain formula is not essential to the mathematical de- 
velopment, Whitby** showed that there are several schemes possible, and in addi- 
tion gives strong experimental chemical evidence in favor of the straight chain, 
primary valence structural formula for rubber. 

In vulcanized rubber, according to Boggs and Blake,‘ these chains are bound to 
one another at points along their length by sulfur atoms. These investigators 
further assume that the parts of the molecular chains between junction points are 
in motion relatively to one another and that one of these motions is rotational. 
They also state that Hock” had previously explained the Joule effect on the basis 
of the orientation of the molecules. Hock, however, though the first investigator 
to employ kinetics and the orientation of molecules to explain certain phenomena 
shown by rubber, does not mention rotation of the molecular chain, so that the 
portion of the hypothesis dealing with rotation is original with Boggs and Blake. 

Starting then with this hypothesis, the present mathematical development 
assumes that this rotation is essentially a rotation of the molecular chain as a whole 
about the axis joining adjacent junction points, that the centrifugal force will 
cause a tension in the swinging molecular chain, and that a calculable component 
of this tension will draw the adjacent junction points together. It is assumed that 
each junction point in the network structure of rubber is joined to all or most of the 
junction points in its immediate neighborhood through the network, and that 
consequently each junction point will be drawn simultaneously toward all other 
junction points around it. The structure of rubber can thus be pictured by im- 
agining it to consist essentially of junction points, connected to one another through 
a network, and all tending to get closer together, each being prevented from getting 
too close to adjacent junction points by heat vibrations and by its attraction 
toward other junction points. An equilibrium is thus established, and the junc- 
tion points then occupy positions in which the resultant force on them in all di- 
rections is zero. If this equilibrium position is disturbed the junction points will 
immediately, on release of the external stress, return to their former orientation in 
space, and the body will recover its former shape. 

The centrifugal motion, however, is necessarily a restricted one, because there 
is not enough room for a chain to make a complete turn about its axis without 
colliding with neighboring chains. Though the rotation is restricted, the cen- 
trifugal forces in the rotating part of the chain will nevertheless persist, the chain 
working its way into the interstices of the structure, away from the axis of rotation, 
just as surely as if complete rotation were possible. 

Boggs and Blake,‘ in explaining the Joule effect on their hypothesis, state that 
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“when rubber is stretched, the mechanically applied tension causes at least a partial 
orientation of the molecules, as is evidenced by the development of double refrac- 
tion and an x-ray diffraction pattern. 

“This orientation due to stretching results in a loss of kinetic energy in the 
individual molecules on account of the restriction of thermal motion, which in- 
stantly appears in the mass of rubber as heat. The other phases of the Joule effect 
are similarly explained. The retraction of stretched rubber allows the molecules 
again to assume their random thermal motion, and the energy absorbed in this is 
drawn from the surroundings by a cooling of the rubber. The application of heat 
to stretched rubber increases the tendency for molecular motion, which reduces 
orientation and shortens the rubber accordingly or increases the tension required 
to maintain the stretched condition.” 

An additional idea which might be introduced into this conception is that a 
portion of the energy of stretching does not appear as heat, but is changed into 
potential energy resulting from the new shape of the molecule. It will be shown 
later that the tension in a chain rotating about an axis will be increased when the 
junction points are moved farther apart, as in stretching. This increase in tension, 
caused by the change in the curvature of the rotating chain, involves an absorption 
of potential energy which will be given out as mechanical work when the speci- 
men contracts under load, no transformation to thermal energy taking place in the 
process. 

If the rubber were to contract under no load, 7. e., snap back to equilibrium, it is 
evident that this potential energy would be converted into heat energy and tend 
to heat the specimen. In contraction under no load, therefore, there would appear 
to be two opposing effects in rubber: a cooling effect due to adsorption of heat in 
the return to random thermal motion, and a heating effect due to the release of 
potential energy as heat. A quantitative calorimetric measurement of the tem- 
perature change of rubber in retraction under no load would appear to be necessary 
to determine which effect is the greater. In this connection, Gerke!‘ has made some 
interesting applications of the laws of thermodynamics to the Joule effect. 

The addition of still another idea to the conception of Boggs and Blake‘ will 
complete the picture. Heating of the stretched specimen will cause an increase in 
the kinetic energy of rotation of the chain molecule about its axis, which is the line 
joining two adjacent junction points. This, as will be shown later mathematically, 
will cause an increase in the tension in the chain and then cause the junction points 
to come together along the line of the stress, 7. e., will cause the specimen to retract 
somewhat under constant load. Thus there are two effects of increase in tem- 
perature in stretched rubber: first, a tendency to retraction, as conceived by Boggs 
and Blake, due to the effect of heat in producing the irregularity of the unstretched 
state, where the molecular arc of rotation becomes bent and twisted into all sorts 
of shapes and forms; second, a tendency to retraction brought about by increased 
kinetic energy of rotation which causes increased chain tension. The latter is, 
apparently, much the greater of the two effects. 

The slight cooling noticeable in rubber during the very first stages of stretching 
is probably the same effect as that observed in all bodies subjected to tension. 
In rubber, however, the Joule effect rapidly sets in and is sufficient to mask this 
cooling, so that a heating effect is observed. 

Meyer, von Susich, and Valké” have recently brought forward a theory of 
elasticity bearing a similarity to the one just described. They assume that, in 
elongated substances that have a tendency to contract, there are present extremely 
long primary valence chains which are oriented in the direction of stretching. An 
essential part of the heat content of these chains consists of movements of rotation 
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and deformation of individual atomic groups perpendicular to the molecular axis, 
while the valence vibrations in the direction of the molecular axis have a relatively 
small heat content. These transverse movements lead to irregular impacts of 
individual chains perpendicular to the direction of elongation. This results in a 
pressure of repulsion at right angles to this direction, which in turn causes the 
tractive tension. The temperature coefficient of tension is shown to be in accord 
with this kinetic concept. It will be observed that their theory presumably pos- 
tulates short molecular arcs and that in the mathematical development of the 
present theory, the idea of rotation of extremely long molecular chains about an 
axis formed by joining two adjacent junction points is stressed as the main cause of 
the elastic effect. It might also be mentioned that the length of, and the number 
of atoms in, the rotating part of the chain have been calculated mathematically 
in the present theory. 

The enormous swelling of rubber immersed in solvents is explained by the present 
theory on the assumption that the swelling medium simply interposes itself be- 
tween the junction points and pushes them farther apart, and (in vulcanized rubber) 
without disrupting the structure or disturbing the relative orientation of the junc- 
tion points to each other until after prolonged immersion.®*® 

It should be borne in mind that the theory herein described assumes absolute 
freedom of movement between adjacent molecular chains at all points except 
where they are bound together. This means that rubber acts like a liquid through- 
out most of its structure, and the only part where it may be considered to be solid 
or rigid is at the junction points, where there is no relative motion between adjacent 
molecular chains. The junction points also move or vibrate relatively to one an- 
other. Thus rubber is only a pseudo-solid, its solidity or tendency to hold a definite 
shape being due only to the equilibrium position of the junction points. Soft 
rubber, therefore, in some of its properties, acts like a liquid of very low viscosity. 
This can be inferred from the rapidity with which rubber will snap back to its 
equilibrium position after being deformed. If the liquid part of the rubber were 
viscous it would return very slowly. An example of what high viscosity in a rubber 
structure will do may be found in synthetic dimethylbutadiene rubber,*! which is 
very sluggish in retraction after deformation, but which when heated to around 
70° C. has plenty of snap. There is thus in the present theory a certain similarity 
to the two-phase theory, but in this case only one size of molecule is concerned in 
both the liquid and solid phases. 

Carothers, Williams, Collins, and Kirby," in an article on poly-chlorobutadiene, 
the new synthetic rubber, state that chloroprene polymerizes in two different ways. 
In one type of polymerization the chloroprene molecules join on to one another at 
the ends and form a long chain. Elasticity does not develop, however, until the 
second type of polymerization, a cross linking of the chains, takes place. 

Busse,® in describing the structure of rubber, mentions cross linking by means 
of sulfur bonds in vulcanized rubber and by means of intertangling of molecules 
in crude rubber. He also states that the molecular chains are in thermal motion, 
without stressing any particular type of motion. He explains how this view'agrees 
completely with the known behavior of rubber. i 

It would not appear, however, that intertangling alone could account for the 
cross linking effect in crude rubber. One must also assume the action of van der 
Waals forces holding the molecular chains together at the points where, owing to 
intertangling, they are constantly in contact. A certain amount of intertangling 
should also exist in vulcanized rubber. 

Shacklock** describes an experiment with oleyl chloride, sulfur chloride, and 
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glycerol which points fairly definitely to the existence of a network structure in 
elastic vulcanized oils. 

In any event it is apparent that many investigators of rubber structure believe 
the property of elasticity to develop as a result of cross linking of long molecular 
chains. The present theory merely adds to this conception the idea that elasticity 
is the direct effect of the thermal and, in particular, the rotational vibrations of such 
a network. 

As already intimated, it is possible to work out the mathematical consequences 
of the present theory. What is original about the present mathematical method 


Figure 1—Semicircular Figure 2—Postulated 
Molecular Arc Shape of Molecular Arc 


is that the stress-strain curve is developed from an assumed rubber structure, 
whereas all previous mathematical treatments of the stress-strain curve of which the 
writer is aware, with the exception of that of Shacklock,*? attempt to find an em- 
pirical formula to fit the experimental stress-strain curve.?*?3 None of these 
attempts has thrown much light on the structure of rubber, because it has been 
impossible to interpret the true meaning of the equations obtained. The present 
mathematical development, while not resulting in a formula which fits the stress- 
strain curve with the accuracy of empirically obtained equations, has nevertheless 
necessitated the working out of some very interesting constants, and the work 
has thus thrown considerable light on the structure of rubber. 


Explanation of Mathematical Method and Discussion of Results Obtained 


General—When a collision between two adjacent chains takes place, rotation will 
obviously stop for an instant and the tension due to rotation will be momentarily 
lessened. Immediately after the collision, however, the rotation will increase 
again and the tension will be resumed. 

The mathematics neglectsthismomentary J 

cessation of rotation and 7, the kinetic 

energy of rotation in the molecular chain, — 

is that amount of energy which will ac- oe “a 

count for the elastic effect, assuming the o| e° 6, Fo, a = 
rotation to be continuous. 77 is, as it were, 
an average or, rather, equivalent value. 
Any error in the above assumption, how- 
ever, will not affect the other constants. 

Though wave or other motion along the chain will also be considered, rotation 
has been taken as the basis of the calculation, because it was thought that only a 
structure in which rotation was the principal feature could account for the high 
elongations observed in rubber. For example, Fig. 1 illustrates a wave motion 
along the molecular chain, the amplitude of which is advisedly shown as equivalent 
to that of a semicircle. Such an amplitude is well above the maximum amplitude 
possible in a wave-like structure, especially since the arc ADB, as will be shown 
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Figure 3—Skipping Rope Curve 
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later, contains as many as 216 freely swinging chain carbon atoms, and Fig. 4 
shows how closely the atoms in rubber are packed. 
The total possible elongation for the shape of are given in Fig. 1 could not ex- 
ceed 57.08 per cent, as the following calculation will show: 
rAB 
100(are ADB — AB) 1% a P AB) 
Elongation, % = AB = AB = 57.08%, 








assuming the arc ADB to be roughly a semicircle. 

On the other hand, in Fig. 2, the are FHG, rotating in a restricted manner 
about the axis FG, where F and G are junction points, could have any desired 
elongation, and shows closer packing; in addition, there is the possibility, as shown 
in the figure, of a wave motion along the rotating are. For the sake of simplicity 
the first attack on the problem will ignore the wave motion, which will be used 
later to explain the small discrepancy between the calculated curve and that 
determined experimentally. Further work on this problem will have as its object 
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Figure 4—Spacing of Rubber Molecules according to Meyer 
and Mark (26), Obtained from X-Ray Data. White Circles 


Represent Carbon Atoms and Hatched Circles Represent CH; 
Groups 


the incorporation of rotation, wave motion and any other necessary corrections 
in the one equation relating stress and strain. 

Curve B, Fig. 5, was obtained by calculation, Curve A, with a specimen of 
rubber. Although the curves do not coincide, Curve B serves as a standard of 
comparison and as a first approximation. The preliminary work has, as already 
intimated, suggested a means of obtaining a closer approximation by incorporating 
wave motion. Doubtless still closer approximations will be attempted and ob- 
tained in the future until the rubber stress-strain curve is finally brought to an 
accurate mathematical basis. 

Figure 3 is a mathematical representation of a single rotating chain. The 
equation for this curve is worked out following the method of Appell and Lacour,! 
pp. 207-211, in their work on elliptic functions. OA,0, is the molecular chain. O 
and Q, are junction points with other molecular chains. The arc 0A,0, rotates 
about the axis 00,. The distance OB, is &, the half-distance between junction 
points. The length of the are OMA; is X. Values for — and \ were obtained by 
equations worked out by the method of elliptic functions. 

As, in order to relate stress and strain, the tension in the chain and the dimensions 
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of the arc must be brought into the same equation, it was necessary, using the 
general method of Appell and Lacour, to work out an equation for 7, the total 
energy of rotation in the arc, this equation containing both these quantities. 
The following is the expression for 7: 


n = 4AtC, (10) 


where 7 is the energy in the length of arc, 2A; A is the horizontal component 
of the tension in the arc, A being constant throughout the length of the arc; & 
is the distance OB, Fig. 3; and C, a variable dependent upon & and evaluated 
by tables of elliptic functions. 

The equation for 7 expresses the value for 7 in terms of the dimensions of the 
arc and the tension in the chain, so that the problem then becomes one of ex- 
pressing the arc dimensions in terms of the actual elongation of the rubber speci- 
men, and the tension in the chain in terms of the stress in kilograms per square 
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Figure 5—Experimental and Calculated Stress-Strain 
urves. A—Experimental Curve. B—Calculated Curve. 
C—Calculated Curve. 


centimeter. To do this it is necessary to find, among other things, £,, the half- 
distance between junction points when the rubber is unstressed. 

The mathematical artifice used to evaluate £ is to suppose the rubber to be 
swelled to its maximum extent by, say, a solvent, so that all the molecular chains 
in the rubber are absolutely straight, and aligned along three axes at right angles 
to one another, each chain extending from one side of the cube to the opposite 
side. Every point at which it is possible for one chain to cross another in this 
system is then taken as a junction point. With the molecules thus regularly ar- 
ranged it is an easy arithmetical calculation, knowing the total number of chain 
carbon atoms, and the distance between them from x-ray data (Fig. 4), to calculate 
the total number of chains, and, from that, the total number of junction points. 
The rubber is then assumed to contract to its original volume (1 cc.), when the 
straight chains form arcs owing to heat vibrations and draw the junction points 
to their normal distance apart in unstretched rubber, thus giving a figure for &,. 
The degree of swelling permitted in this calculation is regulated by the maximum 
possible elongation, 7. e., the elongation at infinite stress or, rather, the elongation 
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shown by the asymptote of the experimental stress-strain curve—in this particular 
case the asymptote, LM, of Curve A, Fig. 5. This maximum elongation was 850 
per cent and, therefore, the specimen was supposed to have to swell to an elonga- 
tion of 850 per cent in the directions of the three axes before the chains would be 
perfectly straight. 

The fact that rubber does not swell to such an extent without disintegrating 
does not disprove the mathematical method. High internal stresses are involved 
in the swelling of rubber by solvents, and it is not surprising that rupture and dis- 
integration should occur at an early stage of the swelling. 

In the structure described above, stretching the rubber in only one direction 
does not straighten out all the arcs in that direction, those whose axes of rotation 
are at right angles to the direction of the stress not being appreciably extended. 
However, the chains on unextended arcs will also align themselves more or less in 
the direction of the stress, as do fillers which have definite crystallographic axes, 
thus explaining the x-ray results. Moreover, the alignment of chains permits the 
van der Waals’ forces to act, thus producing in the rubber a tendency to preserve 
this alignment, and reducing the tendency of the rubber to retract. This explains 
the phenomenon of hysteresis in vulcanized and crude rubber and also the phe- 
nomenon of racking. 

Now the distance between junction points actually obtained by the mathe- 
matical artifice described above is that in an ideal soft vulcanized rubber, stretching 
to 850 per cent along the three axes. In other words, a theoretical soft vulcanized 
rubber is being used as a basis of comparison. 

The following general expression for £, was found: 


3.42 X 1077 v= cm., (16). 
8TCc 


where z is the elongation at infinite stress, in this case 850 per cent; s, the density 
of the rubber compound, 0.955; 1, the percentage of crude in the mix, 93.11 per 
cent; and c, the percentage of pure caoutchouc in the crude, 95.00 per cent." 
The product, sre X 10~‘, is the weight in grams of pure caoutchouc in 1 ce. of 
compound. 

The experimental mix used in obtaining the constants, z, s, and 1, indicated 
above, is shown in Table I. 


TaBLE I 


Russer Mrx Usep ror OBTAINING EXPERIMENTAL STRESS-STRAIN CURVE 
Compounp A) 


Mercapto- Aldol- 
Smoked nZO- Zine Stearic a-Naphthyl- 
Sheets thiazole Sulfur Oxide Acid amine 


Parts by weight 200 0.8 6 5 2 1 214.8 
Per cent of total 93.11 0.37 2.79 2.338 0.98 0.47 100.00 


Minimum Quantity of Sulfur Required for V ulcanization—Soft Rubber —The total 
number of junction points in 1 cc. of rubber compound was found to be: 
src 3 
2.63 X 10% (; +100 a (17) 
Giving the constants the values shown above, this becomes 6.98 X 10.'* 

From this figure the quantity of sulfur necessary for vulcanization may be 
calculated. Assuming one atom per junction point, the vulcanization of the rubber 
to the ideal state indicated above would require 0.42 per cent of sulfur in the rubber. 

Boggs and Blake‘ state that about 0.5 per cent combined sulfur is necessary 
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and sufficient to produce soft vulcanized rubber. The close agreement between 
their figure and 0.42 per cent, obtained on theoretical grounds, is more than a mere 
coincidence. The assumption of two atoms per junction point would make the 
calculated result 0.84 per cent, which is too high, so that one sulfur atom per 
junction point is strongly indicated. 

The combined sulfur content of the mix under observation, with which Curve A, 
Fig. 5, was obtained, was 2.70 per cent and much higher than the above theoretical 
result, but a relatively high vulcanization temperature (141° C.) was used. Boggs 
and Blake‘ vulcanized in the cold, using an ultra accelerator. The much larger 
quantities of sulfur required in hot vulcanization can be explained by assuming 
that during hot vulcanization “two main factors are operative, namely: (i) a 
process of integration, pectization or ‘firming up,’ which consists in (or goes hand 
in hand with) the chemical process of combination with sulfur, and (ii) a disinte- 
grating or degradation process due to the heat as such.” This is the conception of 
Schidrowitz and Goldsbrough.*® The conclusion to be drawn from such a concep- 
tion is that if factor (ii) is absent, as in cold vulcanization, factor (i) does not have 
to proceed as far for complete vulcanization and less combined sulfur will be re- 
quired. 

Quite recently compounds for hot vulcanization have been developed, requiring 
less than 1 per cent of vulcanizing agent, and it would appear that these com- 
pounds, which approach the mathematical ideal with respect to sulfur content, 
have improved physical properties. This has been shown by Booth® and by Somer- 
ville and Russell.*5 

This explains why, in hot vulcanization, 2-5 per cent of sulfur is needed, while 
in cold vulcanization about 0.5 per cent may be sufficient. By the depolymeriza- 
tion, degradation, or increase in plasticity mentioned above, one understands 
on the present theory the breaking of molecular chains. Each break in the chain 
is mended by the formation of a sulfur bond at, or close to, the broken ends and 
each rupture requires extra sulfur. These bonds are, strictly speaking, not junction 
points, for they have freedom of movement, existing as they do on a rotating part 
of the chain. They might conceivably decrease plasticity somewhat. The calcu- 
lated sulfur content is low because sulfur combined in this way is not taken into 
consideration in the calculation. 

Minimum Quantity of Sulfur Required for Vulcanization—Hard Rubber—An- 
other interesting calculation is the determination of the quantity of sulfur necessary 
to make rubber inextensible and inelastic. This is done by making zx equal to zero 
in the expression for the total number of junction points, as follows: 


2.63 X 1018 (Gear +700 a (17) 


When z is zero, according to the mathematical conception, the chains are stretched 
taut between junction points in the unstretched rubber. 

Supplying one sulfur atom per junction point gives the value 11.6 per cent for 
an inelastic compound containing rubber and sulfur only, which is considerably 
less than the possible maximum of combined sulfur, namely, 32 per cent. 

As the chains when in this state of relative immobility have, at room tem- 
perature, properties similar to those possessed by the molecules of a substance 
in the solid state, and as the junction points also form rigid connections between 
the chains at room temperature, the whole structure should be solid at room tem- 
perature. However, at higher temperatures, owing to plastic flow in the junction 
points, such a structure may become softened. The question of plasticity will be 
further discussed later. 
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An experimental verification of this calculation would be difficult. To cause 
high percentages of sulfur to combine with the rubber, hot vulcanization is required, 
and while the 11.6 per cent of sulfur was entering into combination at junction 
points, additional sulfur would be combining at the ends of broken chains to take 
care of depolymerization, so that the percentage of combined sulfur should be 
higher than 11.6 per cent for an experimental compound at the point where the 
rubber just becomes solid and inelastic. It has just been shown that the calculation 
for soft rubber indicates 0.42 per cent of sulfur at junction points when the corre- 
sponding experimental hot vulcanized sample had 2.70 per cent of combined sulfur, 
or an excess of 2.20 per cent to take care of depolymerization. The excess of 2.20 
per cent of sulfur (excluding that portion of the sulfur which combines with the 
other ingredients of the compound) serves in this case to join up the ends of molecu- 
lar chains which have become severed through depolymerization. It is not un- 
reasonable, therefore, to assume that when the sulfur at junction points 
reaches 11.6 per cent, the total combined sulfur would have reached 17 per 
cent, the point at which rubber is hard at room temperature.” 

The explanation of the apparent lowness of the mathematical result for combined 
sulfur in inelastic rubber is therefore quite simple, and the result does not cast 
doubt upon the accuracy of the mathematical method. The object having been to 
calculate the minimum amount of sulfur necessary to produce inelastic rubber, a 
higher result, say, one above 17 per cent, would have been puzzling. 

Apparent Molecular Weight of Rubber—The ratio of the total number of chain 
carbon atoms to the total number of junction points is 432, and as there are two 
chains passing through every junction point, each freely swinging arc has 216 chain 
carbon atoms, when z is 850 per cent. Knowing that there are very many of these 
arcs in the single molecular chain, one sees in the mathematics a confirmation of 
the generally accepted view that rubber has a very high molecular weight. 

This result also shows that by far the greater proportion of the internal structure 


of soft vulcanized rubber has the properties of a liquid and that only is xX 100 = 


0.46 per cent of its chain carbon atoms exist in a solid phase. 

The great length of the molecular arc makes complete rotation around an axis 
impossible. The rotation under consideration must, therefore, be of an oscillatory 
or vibratory kind, with consequent twisting or deformation of the are. 

Equation Relating Stress and Strain.—x, the half-length, in centimeters, of the 
molecular chain between adjacent junction points, may be calculated from the 
fact that it becomes equal to £ at maximum elongation. 

F, the stress in kilograms per square centimeter, is obtained by multiplying A, 
the horizontal component of the tension in a single chain, by the number of chains 
per square centimeter, and converting the units from dynes to kilograms. The 
determination of the percentage elongation, €, is also a simple arithmetical calcula- 
tion from x-ray data, £ and X, and is given later. And now, knowing F and € in 
terms of the variables used in the equation for 7, the energy in the single arc, the 
following equation relating stress and elongation can be written: 





n 
_—_ 4.20 X 10-* C(e + 100)’ (26) 
where C and « are interrelated, C being obtainable by reference to the tables of 
elliptic functions. Curve B, Fig. 5, is drawn from this equation. 
n cannot be calculated from atomic data, and consequently its value has been 
ascertained by supplying in the above equation known values of F and ¢ from the 
experimental curve. It is the only constant obtained in this way. 
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One reason why 7 is assumed to remain constant during stretching is that the 
atoms whose rotational motion resists the applied stress are moving virtually at 
right angles to the direction of the stress. Such being the case the stress has no 
effect upon their rotational motion or rotational energy. Thus the energy stored 
in the rotating arc by the separation of junction points is essentially potential in 
nature and not kinetic, and does not affect the value of 7. 

On rapid stretching the energy created by simplification of structure has no 
chance to become dissipated into the atmosphere. A stiffer stress-strain curve 
should result, therefore, from this cause as well as from the fact that there is less 
time for plastic flow. On slow stretching, where there is time for the elimination 
of heat, however, 7 should remain more or less constant, and as the rate of stretch- 
ing for the experimental Curve A, Fig. 5, was at the slow rate of 20 in. per minute, 7 
is assumed constant in the present calculation. 

Elastic Energy in Rubber—The value of » was found to be 7.12 X 10-2 ergs. 
n represents the energy in a complete chain, or 216 chain carbon atoms. Knowing 
the total number of chain carbon atoms in 1 cc., it is easy to calculate the total 
energy of rotation in 1 cc., which is 9.94 X 108 ergs, or 24 gram calories. Assuming 
an approximate heat capacity of 0.47 cal. per cc. per degree,*? p. 872, this value is 
approximately equivalent to the amount of heat necessary to raise the temperature 
of the rubber 51° C. and, very roughly, 


51 2 
553 X 100 = 17% (31) 


of the heat necessary to raise the temperature of the rubber from absolute zero 
to room temperature. Therefore, very roughly, 17 per cent of the total heat energy 
in rubber is used in producing elasticity. 

Although the above constant is only approximate, and necessarily depends 
on the correctness of the assumptions, nevertheless one is struck with the enormous 
possibilities of valuable information concerning the structure of rubber which can 
result from the application of mathematics to the problem. 

Agreement of Stress-Strain Eyuation with Joule Effect—It is evident that an in- 
crease in 7, due to rise in temperature, would increase F for a given value of ¢, C 
remaining constant when ¢ is constant. This explains why a specimen held ex- 
tended under a constant load contracts when heated. The equation is thus in 
accord with the Joule effect. F, representing the internal stresses in the speci- 
men resisting deformation, opposes, and is in equilibrium with, the constant load. 
An increase in F would result in a differential force causing the specimen to contract, 
and the contraction would continue until F, which naturally decreases with the 
contraction of the rubber, became equal to the constant load. Conversely, cooling 
would cause an increase in the elongation of the specimen under constant load. 

Further, as 7 should be proportional to the temperature of the rubber, if ¢€ is 
kept constant, making C constant, F for a given elongation should be a straight 
line function of temperature, provided that plasticity in the rubber can be elimi- 
nated. 

The S-shape of the Stress-Strain Curve—On curve B, Fig. 5, it will be noticed 
that F becomes zero only when € becomes equal to —100 per cent. The significance 
of this is that, mathematically, the force of attraction between two adjacent 
junction points becomes zero only when the distance between them becomes zero, 
which is the case when € equals — 100 per cent, whereas actually in rubber there is a 
definite distance between junction points, equal to 2£, at zero stress. This is due 
to the fact that the junction points themselves repel one another owing to heat 
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vibrations transmittted through the structure when they are close together and 
this repulsion balances the attraction between them at 0 per cent elongation. 

An attempt to formulate an equation passing through the origin has been made 
as follows. It is assumed that when junction points separate along the line of the 
stress they approach one another in a direction at right angles to the stress, be- 
cause, the volume of the rubber remaining practically constant during stretching, 
the junction points must occupy a constant volume. Now, as the structure of the 
rubber is, as previously mentioned, liquid in nature, pressures in this medium are 
transmitted in all directions. Thus will the attraction between junction points 
at right angles to the direction of the external stress, owing to rotation, be trans- 
mitted as a sort of liquid pressure to the direction parallel to the stress, and tend to 
separate the junction points in the latter direction, thereby assisting the deforming 
stress. At 0 per cent elongation, where the junction points are equidistant, there 
is an equality of junction point pressure in all directions, just balancing the attrac- 
tion due to rotation, and the resultant force on the junction point is zero. How- 
ever, when the orientation is disturbed by deformation there is a greater force 
attracting the junction points in the external stress direction than at right angles 
to the stress, and the resultant force resisting deformation is the difference be- 
tween the attraction, parallel to the stress, between junction points, due to rotation, 
and the attraction due to rotation at right angles to the stress. An equation 
to represent this condition has been developed as follows: 


(28) 








F, =F, — F, = 


n n 
4.20 X 10-* Cie + 100) 4.20 X 10-* C.(e, + 100) 


where 

FP, the stress in kilograms per square centimeter caused by junction point attrac- 
tion parallel to the external stress 

F, the stress in kilograms per square centimeter caused by junction point attrac- 
tion at right angles to the external stress 

F, the resultant stress resisting deformation, equal to F; — F, 

€1 the percentage elongation of the specimen, parallel to the stress, and therefore 
the elongation used in drawing the stress-strain curves 

€c the percentage elongation of the specimen, at right angles to the stress. Natu- 
rally, as « increases ¢, decreases and is always less than 0%. «, is cal- 
culated from « from the fact that the junction points always occupy a 
constant volume 

C; the elliptic function corresponding to, and depending on, « 

Ce the elliptic function corresponding to, and depending on, é, 


Curve C, Fig. 5, has been drawn from this equation. It will be noticed that the 
stress becomes zero when the elongation becomes zero but, unlike the experimental 
curve, it has no §-shape. 

As the junction points move farther apart in the direction of stretch they ap- 
proach one another at right angles to this direction. A calculation was made to 
determine at what elongation the junction points came within the distances be- 
tween chains, measured transversely to the stress, shown in the Meyer and Mark 
x-ray diagram, Fig. 4. It was found that this occurred at 1960 per cent, indicating 
that at no time, even at the ultimate elongation, do the junction points approach 
very close to one another and that there are always a number of chain molecules be- 
tween them. It is not likely that the liquid pressure mentioned above could be 
transmitted from junction point to junction point with a large number of chains 
intervening, and as the junction points move farther apart in the direction of 
stretch, the effect of transverse junction point pressure in assisting the stress would 
gradually disappear. The second part of Equation 28 would then become negligible 
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and this equation would become similar to Equation 26. Thus there is a point 
where the curve of Equation 28 should merge into the curve of Equation 26, giving 
an S-shape. 

It is difficult, in view of the fact that the Schopper machine on which the experi- 
mental sample was tested is not very accurate at low elongations, to state just 
where the merging occurs. This point, however, has been determined experi- 
mentally for a pure gum compound by Shacklock,*? who finds “‘the inflexion point”’ 
at the “correct’’ cure to be at 72 per cent elongation, and one concludes that the 
second part of Equation 28 disappears above 72 per cent elongation, or long before 
any considerable relative displacement of junction points takes place. 

Another way of considering this phenomenon, and possibly a better one, is to 
suppose the rubber specimen to be contracting. During the contraction, above 
72 per cent, Curve B is followed. Then at 72 per cent the retracting junction points 
begin to get within the range of one another’s influence, and begin to push one 
another apart at right angles to the external stress, thus decreasing their tendency 
to retract in the direction of the stress, so that Curve B, instead of continuing down 
to —100 per cent elongation, becomes deflected to the point of zero stress and zero 
elongation. The experimental Curve A, if continued down to —100 per cent 
elongation, would lose all trace of an S-shape. This is true not only of Curve A, 
but of all experimental stress-strain curves for rubber, however compounded. 

Hatschek"* stated that by correcting for the diminution in area of cross section 
of the test piece, during extension, the point of inflection disappeared. Shacklock,*? 
who made an accurate study of the stress-strain curve at low elongations, finds that 
the S-shape is still noticeable even when the stress is expressed as the force per 
unit of actual cross section. 

It is not difficult to understand why the S-shape should become less apparent 
when the correction for the diminution in area of cross section is made. As the 
test piece becomes stretched the cross section diminishes, and the load, corrected 
for actual cross section, is thus greater than it would be were it calculated on a 
constant unit cross section. The calculated Curve B, Fig. 5, for example, if cor- 
rected, would cross the uncorrected Curve B at 0 per cent elongation and lie closer 
to the elongation axis between — 100 per cent and 0 per cent elongation, and closer 
to the stress axis above 0 per cent elongation than the uncorrected curve, 7. e¢., 
the slope to the stress axis above 0 per cent elongation would decrease. Now, as 
already stated, the actual stress-strain curve is one which starts at zero elongation 
and zero stress and joins on to the calculated curve at around 72 per cent elongation. 
It is apparent that a curve starting from the origin would merge the less abruptly 
into the calculated curve the less its slope at the point of merging. Thus any factor 
which decreases the slope of the stress-strain curve to the stress axis, such as cor- 
recting for actual cross section, or, for that matter, the addition of stiffeners to the 
rubber compound, will tend to make the S-shape less noticeable. This statement 
receives ample verification in actual experiment and it is well known that the S- 
shape is more apparent in the stress-strain curves of pure gum compounds than in 
heavily loaded compounds. 

Thus the mathematics evolves from a well-known theory of rubber structure a 
feasible explanation of the peculiar S-shape of the stress-strain curve for rubber 
and shows why this S-shape becomes less apparent when the calculation of the 
stress is based on the actual cross section. 

Means of Improving the Accuracy of the Calculated Stress-Strain Curve-——In spite 
of the fact that Curves A and B have been made to agree as closely as possible at 
infinite stress and to coincide at 158 per cent elongation (the value of having been 
calculated from the value of F at the latter elongation), the calculated curve is 
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stiffer than the experimental. In other words, in rubber there is a greater elonga- 
tion produced by a given stress than can be calculated from rotation alone. This 
may be taken as strong evidence that there is a wave motion along the chain, and 
that the additional elongation caused by a given stress in the experimental curve 
is due to the unwinding of the wave motion along the molecular chains, which 
takes place along with the separation of the junction points. 

The incorporation of wave motion into the equation relating stress and strain 
would take the form of a correction in the elongation. First of all, x, the elongation 
at infinite stress, must be reduced so that when the addition is made to the elonga- 
tion to take care of wave motion, the calculated curve will coincide with the experi- 
mental at high elongation. Corrections will also have to be made all along the curve. 
While these corrections may easily be made empirically, an attempt to find a 
theoretical basis for them would undoubtedly be better. 

The experimental Curve A, Fig. 5, is the curve obtained during the first stretch- 
ing of the rubber specimen. It has long been known* that if rubber is stretched to a 
point fairly close to its breaking elongation and then allowed to retract, a further 
stretching yields a stress-strain curve closer to the elongation axis than the first one. 
The stress-strain curve for the next stretching is still closer to the elongation axis, 
and so on until a point is reached where only relatively slight changes in the posi- 
tion of the stress-strain curve are produced by further stretching. As the structure 
of fatigued rubber has greater permanency than that of unstretched rubber, it 
might be thought advisable to adopt the stress-strain curve of fatigued rubber or 
the reversible curves of Williams‘? or Gerke" instead of Curve A in the present 
instance. The objection to this procedure, however, is that continued stretching 
leaves the rubber in an anisotropic condition, owing to plastic flow, or other reasons. 
As in the mathematics a perfectly regular orientation of the structure is assumed, 
with the junction points ranged evenly along the three axes of reference, it was 
considered better to adopt the stress-strain curve produced by the first stretching 
as being more typical of isotropic rubber. 

In the mathematics the network is assumed to be oriented along three axes 
at right angles to one another, one of the axes being parallel to the stress, 7, which 
is actually, of course, not the case. However, as the value of 7 was obtained by 
supplying experimental values of F and ¢ in the equation relating stress and strain, 
n becomes the energy of arc which would give the above values of F and ¢, assuming 
a regularly oriented structure. The more exact calculation of 7 would encumber 
the mathematics considerably, and, in any case, such a procedure is quite un- 
necessary in a first approximation. 

It is obvious, in view of the fact that vulcanized hard and soft rubber undergo 
plastic flow under stress at ordinary and at elevated temperatures, that the sulfur 
cross linkages are not unbreakable and that they can shift their position, giving 
permanent set. As vulcanized rubber, in common with crude rubber and other 
elastic polymers, exhibits plasticity, there is apparently no essential difference, 
except one of degree, among all elastic polymers. The chief reason for the supe- 
riority of vulcanized rubber is probably in a somewhat tighter, though still plastic, 
cross linkage bond, situated at the sulfur atom. Whitby*® has expressed the view 
that the essential process in the development of elasticity in all elastic polymers, 
including vulcanized rubber, is a polymerization. This view is in no way opposed 
to the theory brought forward in this paper, where an attempt is made to show on 
physical grounds what kind of polymerization exists in vulcanized rubber, and to 
present a picture of its structure. 

In making further corrections to the calculated stress-strain curve the effect 
of the change in structure actually taking place during the stretching, 7. e., the effect 





37 


of such factors as plastic flow and breaking up of junction points should be con- 
sidered as well as the effect of wave motion. 

The expressions which have been worked out for the constants being of a general 
nature, the numerical values of z, s, r, and ¢ not having been filled in, these con- 
stants may be corrected as soon as a more accurate value for x has been obtained. 

As the discrepancy between the calculated and experimental curves does not 
exceed 65 per cent on the elongation axis at any point, it is seen that the errors 
in the constants caused by the neglect of wave motion and plastic flow in the 
calculations are not of serious proportions and not sufficient to alter any conclusions 
which have been drawn from the present results. In addition to this it has been 
shown that the rotation theory leaves a stress-strain curve closely approximating 
that for rubber, and it is doubtful whether any of the other existing theories would 
stand up as well if it were possible to work out their mathematical consequences. 

Moreover, many of the constants would not be affected by any inaccuracies 
inherent in the application of elliptic functions to the elucidation of rubber struc- 
ture. These constants, some of which had to be determined as a preliminary 
step in the calculation of the stress-strain curve, are the distance between junction 
points, the total number of junction points per cc., the apparent molecular weight 
of rubber, the percentage elongation at which the junction points approach one 
another to within atomic distances, and the percentage of sulfur necessary for 
vulcanization. 

The method of elliptic functions was necessary only for the calculation of n, the 
stress-strain curve itself, and the total elastic energy in rubber. 

The explanation of the S-shape of the stress-strain curve, though dependent on 
the general mathematical method, is qualitative, and, therefore, entirely inde- 
pendent of errors in the calculations. 


Conclusion 


The inferences drawn from the mathematical results have been given at the 
beginning of the article. This order of presentation was thought to be the best, 
because the thread of the mathematics might be lost if the development were inter- 
rupted by lengthy comments. 

To sum up, it may be stated that the mathematical consequences of a well- 
known theory of rubber structure, the theory which assumes rotation in the long 
molecular chain, have been worked out, with results showing surprisingly close 
agreement with experiment. The correctness of the rotation theory is thus well 
demonstrated, in addition to which certain constants are developed which throw 
further light on the structure of rubber. 
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Additional reterences showing the general trend of opinion toward a tri-dimensional network in 
vulcanized rubber are given below. 

H. Staudinger (Revue Générale du Caoutchouc, 8, 7-75 (1931)) states that tri-dimensional reactions 
leave rubber insoluble. If these reactions are not extensive, as in soft vulcanized rubber, it can swell 
considerably, but if they are extensive, as in hard rubber, there is no swelling. 

Long, Singer, and Davey (Ind. Eng. Chem., 26, 543-547 (1934)) consider rubber to be a tangle of 
spiral or sigzag molecules or molecular complexes. 


Owing to lack of space it has been necessary to omit the mathematical part of 
this article. A reprint of the original, however, which contains all the mathematics 
may be obtained upon application —AuTHOR 
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New Results on the Ozone Decom- 
position of Natural Rubber 
and of Sodium Butadiene 


Rubber 


R. Pummerer 
CuemicaL LABORATORY OF THE UNIVERSITY OF ERLANGEN 


The Action of Ozone upon Natural Rubber 


The method of Harries for the ozone cleavage of unsaturated organic compounds 
has shown its first important results in the case of rubber. Surprising as it may 
seem, however, there has been no attempt until now to follow the course of this 
reaction by bromine titration. When this is carried out, a very surprising result is 
obtained. It was to be expected that, corresponding to the addition of ozone to 
the double bonds, there would be an equivalent decrease in the bromine titre. 
However, such is not the case. If a one per cent solution of rubber in chloroform 
is ozonized at 0° and samples are removed from time to time and titrated dropwise 
with bromine solution until the yellow coloration persists for 10 minutes, it is 
found that the consumption of bromine for the first one to two hours undergoes no 
essential decrease as a result of the introduction of ozone. If the titration is con- 
tinued, a rather rapid diminution begins at the time when free ozone can be detected 
in &@ potassium iodide solution placed beyond the ozone vessel. The curve then 
descends sharply to zero. Closer study of the process by the titration method of 
Macllhiney, which also makes it possible to collect the hydrogen bromide formed, 
has shown us that in the case of rubber the apparent initial constancy of the bro- 
mine consumption is explained by the fact that there is an ozonide replaceable by 
bromine, and accordingly that the bromine number represents substitution and 
addition, whereas under the above conditions (10 min. at 0° C.) the original rubber 
solution in chloroform shows only addition. The ozonide which reacts with bro- 
mine may be termed a primary ozonide, and that which is formed later and is 
stable toward bromine may be called an isozonide. This name originated with 
Staudinger, who pointed out nine years ago that in the ozonization of olefins it is 
possible that “‘molozonides,”’ or, as we now say primary ozonides, of very unstable 
type are first formed, which still contain the added molecule of ozone (Formula I) 
whereas the ordinary end products of ozonization are formed by rearrangement and 
are to be called isozonides (Formula II). This was concluded by Staudinger from 
the known behavior of the ozonide in the reduction, which never yields 1,2-glycol 
but a cleavage of the carbon chain instead. The formation of polymeric ozonides 
together with quite stable monomers, which are not converted into polymers, is 
further evidence of this. 


~\ 
A ite af CH— 
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This was explained on the assumption of unstable primary ozonides which in 
part polymerize and in part are transformed into stable. monomeric isozonides. 
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Our experiments show that the span of life of primary ozonides is probably much 
greater, and that they exist to a greater extent than has been assumed previously. 
In many other cases, e. g., with cyclohexene, a constant bromine value during a 
one-hour period of ozonization has been proved, and this applies also to gutta- 
percha. In the ozonization of rubber the following phenomena are involved: (1) 
addition of ozone to a large number of the double bonds, with formation of a pri- 
mary ozonide, which is easily substituted by bromine and toward the end of the 
ozonization goes over to: (2) the isozonide, which is stable to bromine at 0° C. for a 
short time. This isozonide is soluble in chloroform, difficultly soluble in ether, 
and (3) on standing for several days the ozonized chloroform solution is changed to 
the isozonide, probably by decomposition, with the result that it becomes soluble 
in ether. Upon still longer standing at 0° C., there separates out in constantly in- 
creasing quantities the di-peroxide of levulinic acid, which has been described earlier 
as a cleavage product of the isozonide. As the study of the ozonides originally 
grew out of the ozone cleavage of rubber, this reaction now has an important inter- 
est in the investigation of primary ozonides. 

Until now investigations have been concerned with the mechanism of the addi- 
tion of ozone, while the following investigation describes a new and already much 
sought-after decomposition fragment of the ozone cleavage of rubber, and also 
deals with evidence of the formation of methylglyoxal. If, after evaporation of the 
chloroform in a high vacuum, the rubber isozonide is decomposed with warm water 
at 80° C., and steam is then led through, formaldehyde, acetaldehyde, levulinic 
aldehyde, and methylglyoxal pass over. The separation of the first two is easy, 
whereas a quantitative method of separation for the last two had first to be worked 
out before the existence of methylglyoxal could be established for certain. With 
nitrophenylhydrazine both precipitate, and it is impossible to separate them as 
hydrazones with alcohol or other solvents. The methylglyoxime nickel recom- 
mended by Neuberg gave in our extremely dilute solutions, which contained methyl- 
glyoxal in concentrations of only thousandths, in many cases a yield of only 
20 per cent, and sometimes no precipitate at all. On the other hand, with semi- 
carbazide, 85-90 per cent of the methylglyoxal can be recovered at these low con- 
centrations and separated from levulinic aldehyde. This is possible because the 
latter, in contrast to the former, does not begin to precipitate in acetic acid solution 
for more than twelve hours, whereas precipitation of the former is ended after this 
time. Methylglyoxal semicarbazone is then transformed by heating with dinitro- 
phenylhydrazine into tetranitrodiphenylosazone, which is obtained thus in 95 per 
cent yield, and is adapted for the identification by means of color reactions and 
analyses. In this way we obtained, separated from levulinic aldehyde, 75 to 85 
per cent of the quantity of methylglyoxal formed, according to control experiments. 
Only methylglyoxal is formed if the rubber solution in chloroform is over-ozonized. 
However in 15, 28, and 48 hours of over-ozonization there is always approximately 
one per cent of the carbon skeleton of rubber in the methylglyoxal. Over-ozoniza- 
tion is considered to begin at the time when the rubber solution has become stable 
to bromine. It is also occasionally necessary in other cases of ozonization, espe- 
cially with conjugated systems of carbon double bonds. An evaluation of the results 
obtained in the discussion of the formula of rubber is possible only after carrying 
out model experiments. First of all one is not yet warranted in assuming an end 
group in a chain of 300 carbon atoms. 

CH; 


A displacement of double bonds in the rubber chain with respect to one another 
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might also lead to a similar group of conjugated double bonds, but on the other 
hand it would have to yield a dialdehyde or a dicarboxylic acid of seven carbon 
atoms, the existence of which is not shown by any observations. Various rubber 
fractions, some even three years old, including somewhat tacky samples of sol 
rubber, yielded the same quantity of about one per cent of methylglyoxal. There 
is in fact a possibility of a secondary dehydrogenation of the rubber isozonide by 
a secondary reaction, which through excess of ozone would lead to the formation of 
& conjugated system with only a one per cent yield. However this must first be 
proved in control experiments. Though the detection of methylglyoxal represents 
progress in the knowledge of the ozone decomposition of rubber, an explanation of 
the results is not yet possible. 


The Ozone Decomposition of Sodium Butadiene Rubber 


As work by Harries and ourselves has shown, derivatives of the levulinic alde- 
hyde series (acid, peroxidic acid) are obtainable in very good yields up to 90 per cent 
of theoretical with natural rubber as well as with isoprene rubber (hot method of 
preparation), which is to be expected in a normal linkage of the isoprene molecules 
by 1,4-polymerization. With butadiene rubber (hot method of preparation), there 
are formed in a similar way, though in lower yield, succinic dialdehyde and succinic 
acid. On the other hand, Harries did not succeed in finding these cleavage frag- 
ments in sodium butadiene rubber, and he believed that another type of linkage was 
involved. Ziegler and Bahr have been able to detect very small quantities of suc- 
cinic acid, and they too are of the opinion that this is another form of polymeriza- 
tion, namely, in the 1,2-position, according to the following formula: 


Vee 
dx du ¢a dH dH 
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According to this, during ozone decomposition at the dotted . . . points in the 
picture, 25 per cent of the carbon skeleton must form formaldehyde, formic acid, or 
carbon dioxide, but no succinic acid. On the other hand, a very long carbon chain 
must be formed (more than three-fourths of the butadiene molecule), carrying an 
aldehyde or carboxyl group on every second carbon atom. 

We have carried out the ozone reaction with both insoluble technical sodium 
butadiene rubber and a soluble polymer of similar composition, for which we wish 
to thank the I. G. Farbenindustrie A.-G. Werk, Leverkusen. The technical sodium 
butadiene rubber was first freed from stabilizers and was then allowed to swell to 
a jelly from two to three weeks in chloroform with the exclusion of air, and after 
this time it was treated with ozone at 0°. The ozonization led in many cases to 
temporary solution of the substance, but in most cases the chief product of the 
ozonization was precipitated directly as a white, crumbly mass. The extremely 
long period of ozonization which sometimes was required for stability toward 
bromine (up to 4 weeks) is worthy of note. There is little reason in this case for 
assuming, in view of the enormous excess of ozone, that double bonds are still in- 
tact. Probably the transformation of the ozonides which are sensitive to bromine 
into isozonides stable toward bromine requires a long period of time. 

Harries has already mentioned the above white “ozonide” of sodium butadiene 
rubber without further description than the analysis. We have obtained from 
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various polymerizates 80 per cent of the carbon skeleton in the form of this white 
oxidation product. A further portion of the products of ozonization remained in 
solution, and 10 to 15 per cent was obtained in the form of an oil after evaporation. 
The white “ozonide” had the characteristics of a high polymer, but in spite of its 
insolubility in ordinary solvents it was possible to study it better than we had ex- 
pected. With hydriodic acid only a little peroxide-combined oxygen could be 
detected, and there was practically no longer any ozonide, but instead a transforma- 
tion product of this, 7. e., an aldehyde carboxylic acid which was soluble in sodium 
hydroxide and also dissolved slowly in sodium carbonate solution. This solution 
reduced Fehling solution even in the cold, was reprecipitated by acids, and upon 
boiling it decomposed with evolution of gas. 

The analyses, equivalent weight and copper number are close to those of succinic 
aldehyde acid, as the following table shows: 


Equivalent cover 
Per Cent C PerCent H Weight Number 


Succinic aldehyde acid, calculated 47 5.9 102 1.44 
White oxidation product, found 48.6 6.5 125 1.7 


Our first conjecture, that we were dealing with an impure polymeric succinic 
aldehyde acid, has not however proved tenable, since oxidation experiments with 
permanganate or nitric acid gave only relatively little succinic acid. However, 
from the white substance and the oily ozonide portion together, there could still 
be isolated by oxidation 6 to 10 per cent of the carbon skeleton of the rubber as 
succinic acid, which indicates that here, too, 1,4 polymerization is involved to a cer- 
tain extent. Moreover there is still a polymeric resin of the empirical molecular 
formula of succinic aldehyde. However, the substance is soluble in sodium car- 
bonate, and therefore it is not a dialdehyde. The analyses shown above can be 
explained on the basis that, according to the Ziegler-Bahr formula, aldehyde and 
acid groups alternate in a long chain on every second carbon atom, with the alde- 
hyde groups somewhat in excess. If the aldehyde and acid groups are in the exact 
ratio of 1:1, then the C/O ratio of the succinic dialdehyde, instead of being C,H,0., 
might be for example C.Hs0s, as follows: 


444 


It is well to mention further reduction experiments with aluminum amalgam of 
the aldehyde acid dissolved in sodium carbonate. Upon prolonged reaction of the 
nascent hydrogen the original ability of the solution to be precipitated by mineral 
acids was lost. When the solution was then made acid with acetic acid, a part of the 
dissolved substance, viz., about one-tenth, separated out with phenylhydrazine as 
an amorphous phenylhydrazone. In two experiments two phenylhydrazones were 
obtained which, after replacement of the CsH;N:H groups by oxygen agreed well 
with the formulas CisH2307 and CaH0s, respectively. The difference between the 
two formulas amounts to C,H,Oz. The fact that here multiples of Cy appear in 
small quantities as cleavage fragments may perhaps be explained on the basis that 
the transformation of ozonide to isozonide is not complete (see the prolonged sensi- 
tivity to bromine described above), and that in the reduction longer fragments of 
1,4 polymerized chains remain intact, though carrying oxygen. The reduction 
can also be shown to be related to the high molecular aldehyde acid mentioned 
above, even if an explanation of the analyses is more difficult in this case. 
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In any case, higher cleavage fragments are found in the case of sodium-butadiene 
rubber than in the ozonization of natural rubber and rubber prepared by the hot 
method, as is shown particularly by the aldehyde carboxylic acid. The explana- 
tion for this may be that the reaction scheme of Ziegler and Bahr is applicable to a 
certain extent, and that therefore 1,4- as well as 1,2-polymerization of the butadiene 
takes place, probably even simultaneously in the same rubber molecule. The 
chains decompose upon ozone cleavage at the locations where a double bond is 
present in the chain as a result of 1,4-polymerization. Where the double bond in 
a lateral vinyl group is present as a result of 1,2-polymerization, there is the possi- 
bility of a new starting point for further polymerization by the addition of butadi- 
ene molecules. In this way a branched and very complicated carbon skeleton can 
be formed as a result of 1,4-polymerization. In the latter there is only one rubber 
chain, while in the mixed 1,2- and 1,4-polymerization a number of such chains 
may be united, somewhat like the following formula: 


bom + yC.H, 


(1,4) 


, 


The complicated structure corresponds to the complicated physical and chemical 
behavior of sodium-butadiene-rubber. 
The experiments in the present work were carried out by Georg Matthaus. 





[Reprinted from the Journal of Research of the National Bureau of Standards, Vol. 13, No. 3, pages 
357-369, September, 1934.] 


Heats of Combustion of Rubber 
and of Rubber-Sulfur 
Compounds 


R. S. Jessup and A. D. Cummings 


I. INTRODUCTION 


The work described in this paper is part of a series of investigations at the Na- 
tional Bureau of Standards to determine the properties of purified rubber and of 
compounds of purified rubber and sulfur. 

Values of the heat of combustion of rubber have been reported by a number of 
observers, and values of the heat of combination of rubber and sulfur, determined 
as the difference in the heats of combustion of vulcanized and unvulcanized rubber- 
sulfur mixtures, have been reported by several observers. The results obtained 
by the various investigators are not in satisfactory agreement. The values re- 
ported in the literature for the heat of combustion of rubber vary over a range of 
about 4.5 per cent, and the two recent sets of data on the heat of combination of 
rubber and sulfur differ radically, as may be seen from Fig. 2. 

It was thought that these differences might be due, in part at least, to differences 
in the composition of the rubber, and that more consistent results might be ob- 


tained by using purified rubber. The data presented in this paper were obtained 
on samples of purified rubber and on compounds of purified rubber and sulfur 
prepared in connection with an investigation of the electrical properties of rubber 
and rubber-sulfur compounds by Scott, McPherson, and Curtis.! 


II, PREPARATION OF SAMPLES 


Two of the samples of purified rubber, designated as samples Ex, and Ew, were 
prepared by the method described by McPherson.? Briefly, this consists in 
digestion of latex with water at a temperature of 190° C., and extraction with 
water and ethyl alcohol. This process gives a material which is completely and 
readily soluble in ether. This method of preparation of rubber is designated as 
“steam purification” in this paper. 

The remaining samples of purified rubber were prepared by the method de- 
scribed by Smith, Saylor, and Wing.* This method involves the use of trypsin 
for the removal of protein, and is designated as “trypsin purification.” It was 
developed with the aim of preserving the structure of the rubber hydrocarbon as 
it exists in the latex. Rubber prepared by this method consists of about 75 per cent 
ether-soluble and 25 per cent ether-insoluble rubber, and is designated in this paper 
as “total” rubber. Samples of ether-soluble and ether-insoluble rubber were 
obtained from trypsin-purified rubber by ether extraction. When the two fractions 
are separated by this method, the insoluble impurities are concentrated in the 
ether-insoluble fraction. 

All of the rubber-sulfur compounds were prepared from steam purified rubber. 
The specimens used in heat of combustion measurements were vulcanized between 
aluminum plates for 40 hours at a temperature of 141° C. in an autoclave con- 
taining carbon dioxide under a pressure of about 3 atmospheres. Details of 
compounding the rubber and sulfur have been reported by Scott, McPherson, 
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and Curtis.‘ The residual uncombined sulfur was less than 0.1 per cent of the 
total compound, except when the total sulfur amounted to 32 per cent. In this 
case uncombined sulfur was present in varying amounts up to 0.8 per cent. The 
effect on the measured heat of combustion of 0.8 per cent uncombined sulfur is 
about 0.05 per cent. 


III. HEATS OF COMBUSTION 
1. Apparatus and Methods 


The calorimetric apparatus and methods employed in this work were essentially 
the same as those used by Jessup and Green,® and are described in the reference 


TABLE I 
Summary OF REsutts ON PurIFIED RUBBER 


A. Steam-Purified Rubber 


Heat of Com- 
bustion at 
30° C. anda 
Constant 
Pressure of 1 Deviation 
Atmosphere, from Mean, Ash, 
Int. j/g Int. j/g Per Cent Remarks 


45,255 +16 0.02 Ether-soluble 
45,223 —16 0.03 Ether-soluble 
45,239 


B. Trypsin-Purified Rubber 
1. Ether-soluble 
+39 0.01 Benzene-soluble 
+53 0.14 
—91 0.11 


2. Ether-insoluble 
+154 0.73 
—331 1.85 Benzene-insoluble 
+177 0.64 


3. Total = 
+4 ; 
—16 ; Ex exhausted at 100° C. with 
mercury pump to constant 
weight. ss 0.25 per cent 


— 5 ; 9 months after preparation, 
acetone extracted, kept be- 
tween aluminum plates 

+162 0.17 
45,035 


Nore.—Eug and Eup were prepared from trypsin-purified latex-rubber which had 
soaked for about 3 months in C.He in the dark at room temperature. 

Eu (sol.) and Eq (insol.) were prepared directly from Eq by ether extraction 
without any other solvent treatment. 

All trypsin-purified samples were acetone extracted (acetone removed several days 
in vacuum desiccator) just before final drying previous to making combustion experi- 
ments. 

Samples S,, S,, and 8; were prepared by W. H. Smith. 


cited. The “TIllium” bomb used is of the type devised by Parr, and has a ca- 
pacity of 377 cc. 

Temperatures were measured by means of a platinum resistance thermometer 
of the calorimetric type described by Sligh,® used in conjunction with the Wheat- 
stone bridge described by Waidner, Dickinson, Mueller, and Harper.’ 
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The heat capacity of the calorimeter was determined by several combustions of 
benzoic acid (National Bureau of Standards Standard Sample No. 39e). The 
value used for the heat of combustion of the benzoic acid is that recently deter- 
mined in this laboratory,’ namely, 26,419 international joules per gram (weight 
in vacuo), when the reaction is referred to 25° C., the initial oxygen pressure is 30 
atmospheres absolute, and the masses of benzoic acid and water placed in the 
bomb are each 3 grams per liter of bomb volume. The precision of the heat ca- 
pacity determinations was about 0.03 per cent. Details of the procedure followed 
in heat of combustion measurements are given in the reference cited. 


2. Purified Rubber 


The samples of rubber were contained in a platinum crucible, and burned at 
constant volume in oxygen under an initial pressure of 30 atmospheres. One 
cc. of water was placed in the bomb before each experiment. The oxygen, before 
being admitted to the bomb, was passed through a tube containing copper oxide 
heated to about 750° C. in order to remove combustible impurities. 

The results obtained on samples of purified rubber are summarized in Table I. 
The value given for each sample is the mean of at least two determinations. The 
average deviation of the results of individual experiments on any one sample from 
the mean for that sample is 0.04 per cent, and the maximum deviation is 0.14 
per cent. 

The method of calculating the results is illustrated in Table II. The observed 
heat of combustion at 30° C. (—AUs) was reduced by the method described by 
Washburn® to the difference (— AUr) in the internal energies of the initial and 


final systems when the rubber and pure gaseous oxygen of the initial system, and 
the pure gaseous carbon dioxide and pure liquid water of the final system are each 
under a pressure of 1 atmosphere at 30°C. The heat of combustion at a constant 
pressure of 1 atmosphere was then calculated by adding to the value of — AUR the 
value of — A(pv) for the reaction at a pressure of 1 atmosphere (75 joules per gram 
of rubber). 


Tase II 
CALCULATION OF HEAT oF CoMBUSTION OF PURIFIED RUBBER FROM OBSERVED DATA 


Experiment 8 


Sample Exo 
Method of purification Steam 
Initial oxygen pressure 30.0 atm. 
Mass of sample (wt. in vacuo) 1.0072 g. 
Mass of ash 0.0002 g. 
Mass of rubber 1.0070 g. 
Heat evolved 45,604 int. joules 
Correction for: 
Firing energy —23 int. joules 
Formation of HNO; —77 int. joules 
Unburned carbon 0 int. joules 
Heat produced by combustion of rubber 45,504 int. joules 
Observed heat of combustion (— AU3) 45,187 int. joules/g. 
Reduction to p = 1 atm. —15 int. joules/g. 
Energy change for reaction at 1 atmosphere (— AUR) 45,172 int. joules/g. 
Heat of combustion of ash-free rubber at const. p = 1 atm. 45,247 int. joules/g. 


After some of the experiments, there remained in the crucible a small quantity 
(as much as 0.3 mg. in some cases) of unburned carbon, the amount of which was 
determined by weighing. Correction for this unburned carbon was made, using 
the approximate value 33,000 joules per gram for the heat of combustion of carbon. 
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The gaseous products of combustion of several samples were examined for carbon 
monoxide using the method described by Eiseman, Weaver, and Smith.? No 
carbon monoxide was found even when unburned carbon was left in the crucible.’ 

The thermal effect of solution of oxygen in the rubber samples prior to ignition 
in the combustion experiments was determined as follows. The empty bomb was 
placed in the calorimeter, the temperature of which was very nearly the same as 
that of the jacket. Oxygen was then slowly admitted to the bomb through a coil 
of tubing immersed in the jacket water, and the temperature rise of the calorimeter 
was measured. The experiment was then repeated with seven 1-gram samples of 
steam-purified rubber in the bomb. The final oxygen pressure in the bomb was 
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Figure 1—Observed Heat of Combustion of Purified Rubber Plotted against Ob- 
served Ash Content 


© Steam-purified, ether-soluble. 
@ Trypsin-purified, ether-soluble. 
V  Trypsin-purified, total. 

& Trypsin-purified, ether-soluble. 





30 atmospheres in each experiment. The valve which controlled the flow of 
oxygen was located between the oxygen supply tank and the coil of tubing which 
was immersed in the jacket water, so that practically all of the throttling of the 
oxygen took place before it entered this coil. Corrections were applied for heat 
interchange between calorimeter and jacket and for heat of stirring of the water 
in the calorimeter. The results obtained with rubber in the bomb were corrected 
to take account of the smaller volume available for the oxygen, and for the in- 
creased heat capacity of the system due to the presence of the rubber. The 
finally corrected temperature rise of the calorimeter in the experiments with the 
empty bomb was the same, within the limits of the precision of the measurements, 
as the corrected temperature rise in the experiments in which rubber was placed 
_in the bomb. This indicates that there is no appreciable thermal effect arising 
from solution of oxygen in the rubber. The precision of the measurements, as 
indicated by the reproducibility of the results, was sufficiently high to detect an 
effect which would have caused an error of 0.01 per cent in the measured heat of 
combustion of the rubber. 
Table I shows that the data on ether-soluble rubber are fairly concordant, though 
the result for sample Ew (sol.), is about 0.3 per cent lower than the average for 
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the other four samples. For the total and the ether-insoluble rubbers the agreement 
is not so good, the spread of the results being 0.7 per cent and 1.1 per cent, re- 
spectively. 

Although the data given in Table I are corrected for the observed ash contents 
of the various samples, there is some indication that the ash does not represent 
the total inert impurity in the rubber, and that the differences in the observed 
heats of combustion of the different samples of rubber are due to this fact. If the 
observed heats of combustion of the various samples are plotted against the ob- 
served ash contents, the points lie approximately on a straight line as shown in 
Fig. 1. The curve indicates that the heat of combustion of a sample containing 
p per cent ash is lower by about p per cent than that of a sample containing no ash. 
This might be explained by assuming that the inert impurity consists of approxi- 
mately equal parts by weight of volatile and nonvolatile materials. The observed 
ash content would then be only one-half of the total inert impurity in the sample 
of rubber. 

Two or three determinations of benzene-insoluble matter in several samples of 
rubber were in satisfactory agreement with the ash determinations. This fact 
does not necessarily prove that the above assumption in regard to volatile inert 
impurity is incorrect, since such impurity might be both volatile and soluble in 
benzene. It is possible that, if the inert impurity could be determined with greater 
accuracy, the values obtained for the heats of combustion of the different kinds of 
rubber would be very nearly the same. 

The differences between the results for the various samples may also be partly 
due to chemical combination of ash or of oxygen with the rubber. It would be 
very desirable to investigate these various possibilities further, but it has not yet 
been possible to carry out this work. : 

The consistency of the results for samples of ether-soluble rubber prepared in 
different ways indicates that the average value for the heat of combustion of this 
material, 45,207 international joules per gram (weight in vacuo) at a temperature 
of 30° C. and a constant pressure of 1 atmosphere, is not in error by more than 0.2 
per cent. 

If the atomic weights of carbon and hydrogen are taken as 12.00 and 1.0078, 
and if it is assumed that rubber is the compound (C;Hs),, the value obtained for 
the heat of combustion of ether-soluble rubber at a temperature of 30° C. and a 
constant pressure of 1 atmosphere is (3077 + 6)z international kilojoules per 
mole." The temperature coefficient of the heat of combustion is so small that 
this figure is practically unchanged by reduction to 25° C. 

Using this value for the heat of combustion of rubber, and the values given in 
Table IV for the heats of formation of CO. and water, the heat of formation of 
ether-soluble rubber, at a temperature of 25° C. and a constant pressure of 1 
atmosphere, from gaseous hydrogen and carbon in the form of diamond is found 
to be (42 + 6)z international kilojoules per mole of (C;Hs),. 


3. Rubber-Sulfur Compounds 


The first two experiments on rubber-sulfur compounds were performed in the- 
same way as the experiments on purified rubber, except that 10 cc. of water were 
placed in the bomb to absorb the products of combustion containing sulfur. Ex- 
amination of the products of combustion showed that part of the sulfur had been 
oxidized to SO. and part to SOs, and that about one-half of the SO; was in the liquid 
and one-half in the gas phase. As it was not known how much water was asso- 
ciated with the SO; in the gas phase, it was not possible to calculate, from the ob- 
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served results, the heat of combustion of the sample corresponding to any definite 
final state. 

In each of the next three experiments, slightly more than enough normal solution 
of NaOH was placed in the bomb to combine with the products of combustion 
containing sulfur. In the remaining experiments, pure sodium carbonate was 
placed in the bomb, the amount being 5 to 10 per cent in excess of that required 
to combine with the products of combustion containing sulfur. The sodium car- 


Taste III 


CALCPLATION OF THE Heat or CoMBUSTION OF A RUBBER-SULFUR ComMPOUND 
Experiment 10 





Sample E23 ~26 

Initial oxygen pressure 30.1 atm. 
Mass of water in bomb 20.0 g. 

Mass of Na,CO; 1.066 g. 

Mass of Na,SO, 1.1514 g. 
Mass of NaHCO; 0.3116 g. 
Mass of NaNO; 0.0023 g. 
Mass of sample 1.0020 g. 
Mass of ash 0.0005 g. 
Mass of compound, m 1.0015 g. 
Mass of sulfur 0.2599 g. 
Mass of C;Hs 0.7416 g. 

Per cent sulfur 25.95 

—mAUs,Z 38,140 int. joules 
G 23 int. joules 
—AUp 38 int. joules 
— AUGas 7 int. joules 
— AU Nasu 2689 int. joules 
— AUnancos 57 int. joules 
— AUNano: 2 int. joules 
—mAUR 35,324 int. joules 
— AUR 35,271 int. joules/g. 
— A(pv) 57 int. joules/g. 
Qr 35,328 int. joules/g. 


bonate was dissolved in distilled water, the amount of water varying from 2 to 
20 cc. in the various experiments. The combustion was carried out in the same 
manner as for purified rubber. The time required to reach a steady state after 
the combustion was from 40 to 60 minutes in the experiments on rubber-sulfur 
compounds, compared with 4 or 5 minutes when purified rubber was burned. 

Tests showed that when a solution of NaOH or Na,CO; was placed in the bomb 
before an experiment, the washings from the bomb after combustion contained only 
NaSO., NaNOs, and a little NaHCO; formed by reaction of CO, and water with 
the excess NaOH or NazCO3. No Na,SO; was found in the bomb washings, al- 
though when no NaOH or Na;CO; was placed in the bomb, some SO, was found. 
A possible explanation of this is that minute traces of copper may have acted as 
a catalyst in increasing the velocity of oxidation of Na.SO; to NaSO,. It has 
been shown by Titoff!? and by Mack, Osterhof, and Kramer" that the velocity 
of this reaction is greatly increased by very small amounts of copper. 

The amounts of Na»SO,, NaNO;, and NaHCO; in the bomb washings were 
determined for each experiment as follows. The washings were filtered, evapo- 
rated to dryness on the steam bath, dried 2 hours at 150° C., and the residue was 
weighed. The residue was then dissolved in distilled water to make 100 cc. of solu- 
tion. Ten cc. of this solution were evaporated to dryness and used to determine the 
nitrate by the phenol-disulfonic acid method used in water analysis. The remaining 
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solution, containing in addition to the substances mentioned above a little Na,CO; 
formed by decomposition of the NaHCO; in drying, was titrated with 0.01 N acid 
and the phenolphthalein and methyl orange end-points were recorded. From the 
data obtained, the amounts of NasCO;, NaHCOs, and NaNO; were calculated, and 
the amount of Na»SO, was found by difference. The amount of NaHCO; reported 
was the amount found plus the NaHCO; equivalent of the Na,CO; found. 

Table III illustrates the method used in calculating the heats of combustion of 
the rubber-sulfur compounds when Na;CO; was used to react with the products of 
combustion of the sulfur. The item, —mAUs, in this table is the heat evolved in 
the actual bomb process when m grams of rubber-sulfur compound are burned, 
the initial system consisting of the solid compound, gaseous oxygen containing a 
small amount of nitrogen, and a liquid aqueous solution of Na,CO; and oxygen, 
all at 30° C. and under a pressure of 30 atmospheres; and the final system con- 
sisting of a gaseous mixture of oxygen and carbon dioxide, and a liquid solution of 
Ov, CO2, NasSOu, NaHCOs, and NaNOs, all at 30° C. and under the pressure existing 
in the bomb at the end of the experiment. The quantity, —mAJUnk, is the internal 
energy of the initial system minus that of the final system when the initial system 
consists of the solid rubber-sulfur compound and gaseous oxygen, both at 30° C. 
and under a pressure of one atmosphere; and the final system consists of liquid 
water, gaseous CO2, and gaseous SO», each at 30° C. and under a pressure of 1 
atmosphere. The heat of combustion of the compound at constant pressure of 1 
atmosphere (Qc) is obtained by adding to — AUr the value of — A(pv), the differ- 
ence in the product of pressure and volume of the initial and final systems at 
30° C. and a pressure of 1 atmosphere. 

The value of mAUk is obtained from that of mAUs by means of the relation 
mAUR = mAUz,Z — (—qi + AUD + AU Gas + AUNaso, + AUNanco, + AUNano,) (1) 


where the first 3 terms in parentheses are defined as follows: 


n = the energy used in firing the charge 

AUp = the increase in internal energy of the system due to solution of CO, in the 
aqueous solution in the bomb at the end of the experiment 

AUgas = the increase in internal energy for the reaction which takes place in the 
bomb minus the increase in internal energy for a reaction identical with 
that which takes place in the bomb except that the gaseous oxygen of 
the initial system and the gaseous oxygen and carbon dioxide of the final 
system are each at 30° C. and under a pressure of 1 atmosphere 


The values of AUp and AU caus were calculated by the methods given by Wash- 
burn,'‘ with such modifications as were necessary on account of the fact that the 
material burned contained sulfur in addition to carbon and hydrogen. 

The items AUnsso,, AUnaxco,, and AUnson, are defined differently, depend- 
ing on whether NazCO; or NaOH was placed in the bomb to react with the 
products of combustion of the sulfur. If Na,CO; was placed in the bomb, 
these items are the internal energies of the final systems minus those of the 
initial systems in the following reactions, respectively: 

Na,CO;(XH,0) + SO,(gas) + '/2 O.(gas) = Na,SO,(YH.0) + CO.(gas) (2) 
Na,CO;(XH,0) + H,O(liq.) + CO,(gas) = 2NaHCO;(YH:0) (3) 
Na,CO;(XH:0) + N2(gas) + 5/2 O.(gas) = 2NaNO;(YH:0) + CO,(gas) (4) 


If NaOH were placed in the bomb, the items AUwa,s0,, AUnanco,, and AUnano, 
are, respectively, the internal energies of the final systems minus those of the 
initial systems in the following reactions: 

2NaOH(XH,0) + SO,(gas) + 1/2 O:(gas) = Na,SO.(YH:0) + H:O(liq.) (5) 
NaOQH(XH;0) + CO,(gas) = NaHCO,(YH:0) (6) 
2NaOH(XH;0) + N3(gas) + 5/2 O.(gas) = 2NaNO,(YH,0) + H,O(liq.) {(7) 
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In all the reactions 2 to 7, inclusive, each of the reactants and products is under 
a pressure of 1 atmosphere at 30° C., and the masses are those actually involved 
in the reactions which took place in the bomb. 

The difference in the energies of the initial and final systems at 30° C. in the 
reactions represented by equations 2 to 7 were calculated from the heats of forma- 
tion at 18° C. of each of the compounds involved, data on the specific heats of 
all of the substances involved, and data on the densities of the gases at 30° C. 
and atmospheric pressure. The values used for the heats of formation of the 
compounds are given in Table IV. 


TasBLe IV 


VatuEes UsEp FOR THE Heats OF FORMATION OF VARIOUS ComPouNDS AT 18° C. 


Heat of Heat of 
Formation,! Formation,! 
_Int. Kilo- Int. Kilo- 
Compound joules/Mole Compound joules/Mole 


395. 12? NaOH (100 H:0) 468 .95 

296.71 NaOH (50 HO) 469 .30 
H;0 (liq.) 286.01 1383 . 57 
NazCO; (400 H:0) 1152.59? 1384.62 
NazCO; (200 H:0) 1153.64? 1386 . 56 
Na,CO; (100 HO) 1155.39? 50 H,0) 1389 .35 
Na;CO; (50 H,0) 1158 .073 - NaNO; (400 H,0) 449 .22 
Na,CO; (25 H20) 1161.25? NaHCO; (200 H:0) 930 .0? 


1 The data in this table were supplied by F. D. Rossini, who has been critically 
reviewing the literature on thermochemistry. 
2 Heat of formation from diamond, gaseous oxygen, etc. 


The heats of combustion of the purified ether-soluble rubber and of the rubber- 
sulfur compounds in gaseous oxygen to form gaseous CO», gaseous SO», and liquid 
water, at a temperature of 30° C. and a constant pressure of 1 atmosphere, can be 
represented within the limits of experimental error by the empirical equation: 


Qc = 45,200 — 37,823m (8) 


where Qc is the heat of combustion in international joules per gram mass (weight 
in vacuo) of compound, and m is mass of sulfur per gram of compound. The 
average difference between observed values of the heats of combustion of rubber- 
sulfur compounds, and values calculated from this equation is 0.1 per.cent, and 
the maximum difference is 0.4 per cent. 


IV. HEAT OF COMBINATION OF RUBBER WITH SULFUR 


The heat of combination of rubber with sulfur at 30° C. and atmospheric pressure 
can be calculated from the heats of combustion of the rubber-sulfur compounds 
and of unvulcanized rubber-sulfur mixtures. The heats of combustion of un- 
vulcanized mixtures can be calculated from the heats of combustion of rubber and 
rhombic sulfur by means of the relation: 


Qu = mQs + (1 — mQn (9) 


where Qr, Qs, and Qw are, respectively, the heats of combustion per gram of rub- 
ber, sulfur, and the unvulcanized mixture of rubber and sulfur, and m is the 
mass of sulfur in a one-gram sample of the mixture. 

The heat of combustion of sulfur has been determined by Eckman and Rossini,'® 
who give for the heat of the reaction: 


S(rhombic) + O2(gas) = SO2(gas) (25° C.) (10) 
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the value 296.79 + 0.20 international kilojoules per mole (32.065 g.) of sulfur, 
and for the temperature coefficient of the heat of reaction the value 12 joules per 
degree per mole. These data yield the value 9258 + 6 international joules per 
gram of sulfur for the heat of combination of rhombic sulfur and gaseous oxygen 
to form gaseous SO, at 30° C. 


TABLE V 


OBSERVED AND CALCULATED VALUES OF HEATs oF ComBUSTION OF PuRIFIED Sot. 
RvuBBER AND RusBeR-SuLFuR ComMPpouNDs, AND HEATS OF VULCANIZATION OF THE 
Compounns, AT A CoNSTANT PRESSURE OF ONE ATMOSPHERE AT 30° C., 


Qe bi Qv 
rived Calcu- 
(Equa: lated 
f (Equa- Obs.- Ss tions (Equa- a g 
Ash, rial, served, tion 8), calc., = 11, 13), tion 12), _ ca 

Sample Per Cent Per Cent Int. j./g. Int.j./g. Int.j. 72. Per Cent Int. .j./g. Int.j. /g. Inet Fe. Per Cent 
Ew 0.02 0.00 45255 45200 +0.12 
Ese 0.03 45223 45200 +0.05 
Eup 0.01 45225 45200 +0.06 
Ss 0.14 45239 45200 +0.09 
Ea (sol.) 0.11 45095 45200 —0.23 
Eg0-2 0.15 44381 44421 —0.09 

Do. 0.15 44412 44409 a 01 
Eu:-6 0.10 42914 42912 0.00 

Do. 0.10 42928 42878 +0.12 
41318 41395 —0.19 
41311 41380 -—0.17 
39163 39137 +0 .07 
39148 39122 +0.07 
37612 37624 —0.03 
37554 37560 —0.02 
35433 35405 +0.08 
35328 35385 —0.16 
33262 33350 —0.26 
33203 33206 —0.01 
33103 33142 —0.12 
33058 33097 —0.12 
33187 33059 +128 +0.39 
32.17 33116 33032 +84 +0.25 521 


1 NaOH was placed in the bomb to react with the — of combustion con- 
taining sulfur in these experiments. Na,CO; was used for this purpose in all other 
experiments on rubber-sulfur compounds. 

Using this value for Qs and 45,200 international joules per gram for Qr, equation 
(9) becomes 


SONNSSOS 
pRESSSSS 


S 
S 


10.10 


Qu = 45,200 — 35,942m int. joules per gram (11) 


The calculated heat of combination of rubber and sulfur at 30° C. is then given by 
the difference between equations 8 and 11, or 
Qv = Qu — Qc = (1881 + 300) int. joules (12) 


where Qy is the heat evolved when m gram of rhombic sulfur and (1 — m) gram 
of rubber combine at 30° C. and under a constant pressure of 1 atmosphere to 
form 1 gram of vulcanized rubber. 

According to equation 12 the heat of combination of sulfur with rubber is inde- 
pendent of the amount of rubber (provided the sulfur does not exceed 32 per cent 
of the total) and is equal to 1881 + 300 international joules per gram of sulfur, 
or 60.3 + 9.6 international kilojoules per mole of sulfur. 

In Table V are given the observed heats of combustion of rubber and of the 
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rubber-sulfur compounds, together with values calculated from equation 8; and 
derived values of the heat of combination of rubber and sulfur, together with 
values calculated from equation 12. The derived values of heat of combination 
of rubber and sulfur are obtained from the relation: 


Qv(der.) = Qu(cale.) — Qc(obs.) (13) 
V. PREVIOUS WORK 


Measurements of the heat of combustion of rubber have been made by Weber,’* 
Kirchoff and Matulke,” Blake, ' Messenger,!® and Hada, Fukaya, and Naka- 
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Figure 2—Heat of Combination of Rubber with Rhombic 
Sulfur 





jima.”” The results reported by these investigators are given in the second column 
of Table VI. Conversion to joules per gram was made by means of the relation 


1 calorie = 4.183; international joules, 


and the values of heat of combustion at constant pressure were obtained by adding 
75 joules per gram to the values of heat of combustion at constant volume. The 
results are not reduced to standard initial and final states, as recommended by 
Washburn,”! since this reduction would change the figures given by only a neg- 
ligible amount. 

It will be seen from Table VI that the results obtained by the various observers 
are distributed over a range of about 4.5 per cent. This is not surprising in view 
of the fact that most of the results were obtained on rubber which contained con- 
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siderable amounts of impurities, and in view of the differences in the results ob- 
tained in the present work on different samples containing much smaller amounts 
of impurities. 

TaBLE VI 


VALUES OF THE HEAT OF CoMBUSTION OF RUBBER REPORTED BY VARIOUS OBSERVERS 


Constant Constant 
Volume, Pressure, 
Observer Cal./g. Int. Joules/g. 


Weber 10,669 . 
Kirchoff and Matulke 10,700 44,840 
Blake 10,547 

Messenger 10,970 

Hada, Fukaya, and Nakajima 10,495 

Present work (total rubber) Siew 


Measurements of the heat of combination of rubber and sulfur have been made 
by Blake,?? and by Hada, Fukaya, and Nakajima.”* The results obtained by 
these observers, together with the results of the present work, are shown in Fig. 2. 

Blake determined the heat of combination as the difference in the heats of 
combustion of vulcanized and unvulcanized samples. No details of calorimetric 
measurements and no analyses of the products of combustion are given. 

Hada, Fukaya, and Nakajima determined heats of combustion of vulcanized 
compounds and calculated the heats of combustion of unvulcanized mixtures 
from their own value for the heat of combustion of rubber and Thomsen’s data 
on the heat of combustion of sulfur. Resins were removed from the rubber by 
acetone extraction, and corrections were applied for the heat of reaction of sulfur 


with protein. No details are given regarding calorimetric measurements. As 
may be seen from Fig. 2, the results obtained differ radically from those of Blake 
and those of the present work. 

In conclusion, the authors wish to acknowledge their indebtedsiees to A. T. 
McPherson, under whose general direction this work was done. 
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Remarks on the Measurement of: 
the Plasticity of Rubber . 


J. H. Dillon and N. Johnston 


Paysics Resgearce Division, Firestone TirkE aND RusperR Co., AKRON, OHIO 


Behre! has calculated the pressure which is exerted on rubber by mill rolls, and 
has stated that since this pressure was of the order of magnitude of that in the 
plasticity-measuring instrument which he employed the instrument was correctly 
designed for testing the plasticity of rubber. The pressure is of course no crite- 
rion of the flow conditions of rubber in an instrument or machine. This fact is 
apparent when it is remembered that any fundamental equation of plastic or 
pseudo-plastic flow which is independent of the dimensions of the tube in which 
the plastic material is flowing or the nature of the shearing mechanism must be of 
the form: 
de _ function (F, 8, fy f 
dx 9 Ms Sly J29 
where dv/dz is the rate of shear, F is the shearing stress, S is the slippage, and f,, fo, 
.. Ja are constants. It would seem, therefore, that the only reliable criteria of 
plastic flow by means of which the flow conditions of a testing instrument or ma- 
chine can be compared are the rate of shear and the shearing stress. It is usually 
more convenient to calculate the average rate of shear in spite of the fact that, to 
do so, some arbitrary form of velocity front must be assumed, for the pressure in a 
tubing machine or calender is in general unknown. The degree to which Behre’s 
assumption of pressure as the important flow criterion led him astray is indicated 
by the fact that in the Marzetti type plastometer the rate of shear is of the order of 
only 2 per second, whereas a figure of 20 to 1000 per second exists in the factory 
processing machines. 

It is interesting to note that Behre’s calculation of the pressure exerted by the 
mill rolls on the rubber agrees with the results of some experiments conducted by 
W. T. Runals of the Firestone Tire and Rubber Company. From power input 
considerations, Behre calculated the pressure to be 51 kg. per sq. cm. Averaging 
the total force, measured with a special dynamometer device by Runals, over !/s 
the cylindrical area of the mill rolls, the pressure for a tread stock in a factory mill 
was found to vary between 36 and 182 kg. per sq. cm. 

In Behre’s same article, an error has apparently been made in quoting from his 
own previous work.? In the recent article it was stated and a graph was presented 
to show that “Here for the first time to the author’s (Behre’s) knowledge, what 
every practical man has long known has been proved quantitatively, namely, that 
hot mastication causes softening of the rubber much more rapidly than does masti-~ 
cation on cold mills,” whereas the original joint publication with Bachmann & 
Blankenstein presented a discussion and the same graph to show that the amount 
of work required for a given degree of breakdown on a hot mill was less than that on 
a cold mill, in spite of the greater time of milling required. 

Two experiments have recently been carried out by one of the authors to deter- 
mine the rate of breakdown of rubber on laboratory and factory mills, both hot and 
cold, as measured by the extrusion plastometer previously described.* This in- 
strument was operated at rates of shear of the same order of magnitude as those oc- 
curring in factory tubing machines. 
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Nine thousand grams of first quality smoked sheets were carefully blended and 
one-half the rubber masticated on a millf with cooling water in the rolls; one-half 
on the same mill with no cooling water and with the rolls preheated to a tempera- 
ture of 79° C. Small samples of rubber were removed at intervals (indicated by 
the experimental points of Fig. 1) and the temperature of each sample was meas- 
ured immediately after removal from the rolls by means of a needle thermocouple* 
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Figure 1—Effect of Temperature of Milling on Rate of 
Breakdown-Smoked Sheets 


and potentiometer. The samples were preheated 20 minutes at 100° C. and were 
then extruded in the plastometer* at a temperature of 100° C. and a driving pres- 
sure of 145 kg. persq.cm. As will be seen in Fig. 1, the rate of breakdown of the 
rubber on the cold mill, where the equilibrium temperature was 73° C., was much 
greater than that on the hot mill where the rubber reached an equilibrium tempera- 


ture of 112° C. 
A similar experiment was made with a factory mill.** Four 136-kg. batches of a 


t 51 X 25 cm. mill, front roll speed 72 cm. per min., back roll speed 79 cm. per min. 
* The needle thermocouple was of the conventional type, copper-constantan. The experimental 


arrangement permitted an accuracy of 1.0° C. 
** 213 X 71 cm. mill, front roll speed 29.2 m. per min.; back roll speed 31.4 m. per min. 
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uniform load of smoked sheets were masticated for 17 minutes at different tempera- 
tures, as indicated in Table I, and extrusions were run on the final samples in the 
extrusion plastometer. 


TABLE I 


Batch Equilibrium Efflux Rate 
Number Temperature (100° C., 145 Kg. per Sq. Cm.) 


1 107° C. 20 cc. per min. 
2 liv’¢ .. 15 
3 128° C. 12 
4 129° C. 13 


The results of Table I agree with the conclusions drawn from the experiment with 
the laboratory mill. 

It is interesting to note that similar experiments previously carried out by 
others, ‘5-67 using the Williams and other types of plastometers, show a uniform re- 
sult, though the rates of shear of the Williams and extrusion instruments are widely 
different (0.01 to 0.1/sec. and 20 to 1000/sec., respectively). One major difference 
in the results from the two plastometers lies in the fact that, with increasing milling 
time on either a hot or a cold mill, the extrusion results show a continually increasing 
plasticity, whereas the Williams instrument shows a rapid increase for a time, then 
a gradually decreasing slope of the plasticity vs. milling time curve, until finally no 
further effect is evident. This is an inherent difficulty with any compression type 
plastometer operating by gravity alone, as the compression strength of the pellet 
increases so rapidly after a y value of say 2.0 has been reached that further defor- 
mation is extremely slow, and the instrument’s sensitivity is greatly decreased. 

In conclusion, the authors wish tp thank N. A. Shepard, under whose direction 
the work was done, L. V. Cooper for some valuable suggestions, and W. T. Runals 
for permission to quote the results of his experiments. 
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Surface Cracking of Vulcanized 
Rubber 


H. Turner 


Surface cracking of vulcanized rubber has been the subject of a number of 
publications, to which reference has been made in an excellent summary by Evans 
(Trans. Inst. Rubber Ind., 5, 442 (1930)). Others have followed since that sum- 
mary appeared and reference will be made to some of them. Certain conditions 
are commonly believed to be essential for cracking to take place. Van Rossem 
and Talen (Kautschuk, 7, 79, 115 (1931)), as a result of a comprehensive and 
valuable investigation of the subject, came to the conclusion that two factors are 
necessary, (1) stretching of the rubber, and (2) the action of ozone. The first 
conclusion, as is pointed out, is in agreement with the work of Haushalter (India 
Rubber J.,'70, 897 (1925)) and of Kearsley (Rubber Age (New York), 27, 649 (1930)). 
Williams (Ind. Eng. Chem., 18, 367 (1926)) had previously attributed cracking to 
ozone, and stated that it had no effect on unstrained rubber. Shepard, Krall, and 
Morris (Jbid., 615) also found no cracking of unstretched samples when exposed 
to sunlight for months. That stretching is always necessary is not accepted by 
Merz (Kautschuk, 8, 73 (1932)), who conducted experiments with “collapsible 
boat materials” and obtained cracking on exposing the samples out of doors in an 
unstretched condition. 

With regard to the action of ozone, Dufraisse (Rev. gén. caoutchouc, 9, No. 85, 4; 
No. 86, 3 (1932)), while not denying the part played by ozone, suggested that 
surface cracking might also be influenced, perhaps to a greater degree, by peroxides 
produced (a) by irradiated organic and other dust which settled upon exposed 
samples, or (b) in the oxidized surface layer itself. 

Many factors influence the rate of deterioration. 

Degree of Stretch—It was shown by Kelly, Taylor, and Jones (Ind. Eng. Chem., 
20, 296 (1928)) that different compounds have different critical elongations at 
which cracking proceeds most rapidly in the early stages of aging. Somerville, 
Ball, and Cope (Ind. Eng. Chem., 21, 1183 (1929)) submitted samples to elongations 
varying from 0 to 100 per cent. They found the cracking greatest at 5 and 10 
per cent elongations. 

Kearsley (loc. cit.), using a pure gum stock, with only a small amount of zinc 
oxide for activation of the accelerator, found on exposing samples at different 
elongations to ozonized air that the greater the elongation the smaller became the 
individual cracks, and that the number of cracks increased up to the point of 
maximum cracking at 10 per cent elongation. 

Van Rossem and Talen (loc. cit.), using a similar compound, found that for two 
cures below that cure required for optimum tensile strength, the maximum cracking 
in air occurred between 10 and 20 per cent elongation. For the sample cured to 
the optimum tensile strength, no clear indication was obtained of a definite range 
of elongation at which the deterioration was greatest, whether on the sunny, or 
the shady side of the strip. With an overcured sample, no cracks were found on 
the sunny side, but a film formed similar to the skin obtained by Williams (oc. cit.) 
in some of his experiments. 

State of Cure-—Shepard, Krall, and Morris (loc. cit.), using a gray side-wall stock 
accelerated with hexamethylenetetramine and mineralized chiefly with whiting 
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and zinc oxide, came to the conclusion that an increase in cure caused an increase 
in resistance to cracking. 

Kearsley (loc. cit.) used a compound of rubber 100, sulfur 3, zine oxide 5, and 
mercaptobenzothiazole 0.5. The test consisted in exposing the samples to ozonized 
air. The results obtained indicated that, when compared with the proper cure, 
overcure had little influence on the extent of the cracking produced. There did 
exist, however, a slight tendency to greater intensity of cracking in the over- 
cured samples, which is in agreement with the findings of Krahl (Kautschuk, 5, 159, 
180 (1927)). 

Van Rossem and Talen (loc. cit.) made a series of interesting experiments to de- 
termine how far the tendency to cracking depended upon the coefficient of vul- 
canization, and how far upon the mechanical properties of the compound. Two 
compounds (each containing 5 per cent of sulfur on the rubber) were used, one of 
which changed little in its mechanical properties with advancing cure, while the 
other increased considerably in stiffness. The former compound was considerably 
softer than the latter at any state of cure obtained. The three cures employed 
were 10, 25, and 40 minutes at 147°C. It was found after a week’s exposure that 
all the strips of the softer compound were cracked similarly, thus showing no 
effect due to differences in combined sulfur. With the stiffer compound, the cracks 
were smaller even with the shortest cure, and still smaller with the strips vulcanized 
for 25 minutes and 40 minutes, corresponding to the greater modulus. They 
sum up the results as follows: ‘It was evident, therefore, that it was not the degree 
of vulcanization as such, but the character of the stress strain curves which had a 
determinant influence on the size of the cracks.” 

Composition of the Compound—Shepard, Krall, and Morris (loc. cit.), using a 
base mix containing rubber 56.25 parts, zinc oxide 2, sulfur 3.5, and hexamethylene- 
tetramine 0.25, and incorporating various fillers to the extent of approximately 
22 per cent by volume on the rubber, gave the following order of increasing re- 
sistance to cracking: control, gas black, lithopone, zinc oxide, whiting, blanc fixe, 
clay, magnesium carbonate. 

Evans (loc. cit.), using two base mixes (a) rubber 100, sulfur 8; (6) rubber 
100, sulfur 4, zinc oxide 2, diphenylguanidine 1, and fillers to the extent of 20 
per cent by volume on the rubber, found little difference between the pure stock 
and that containing zinc oxide, and both of these were inferior to the mixes con- 
taining clay and magnesium carbonate. He suggested that the superiority of 
these two might be bound up with their optical properties, and in the case of 
magnesium carbonate there was also a possibility that, owing to the comparatively 
high “set” induced by this filler, the samples would be under less strain. 

Kearsley (loc, cit.) found that by varying the volume loading of different fillers, 
the critical elongation at which maximum cracking took place was considerably 
altered. The results are shown in the following table: 

Critical Elongati . 
Particle 10 Vols. 20 Vols. 30 Vols. 
Filler Size Loading Loading Loading 
Whiting 5.04 10% 12% 15% 
Zine oxide 0.54 08 20% 30% 
Carbon black O.ly 20% 35% 50% 





The higher critical elongation produced by the fillers of smaller particle size is 
explained as due to the greater permanent set of mixtures containing them, which 
reduces the tension produced by a given elongation. 

Van Rossem and Talen (loc. cit.), using a base mix of rubber 100, sulfur 5, zinc 
oxide 3, and diphenylguanidine 1, and incorporating 20 per cent by volume of 
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each of the fillers zinc oxide, zinc oxide (‘“‘Kadox” brand), lithopone, and gas black, 
observed no specific influence of the filler, even in the mixture with gas black, 
which contrasted with the other white mixes. They say that slight differences 
were probably due to a variation in modulus. 

Antioxidants and Other Preservatives—Shepard, Krall, and Morris (loc. cit.) 
found that benzidine gave some protection against cracking, but thought that the 
price of the material and its tendency to bloom and to discolor made it of doubtful 
commercial interest. 

Van Rossem and Talen (loc. cit.) using ‘“‘Agerite resin” and “Stabilite” found 
that they had no specific action on the formation of cracks. The writer tested 
phenyl 8-naphthylamine and ‘‘Nonox 8” in a black compound containing nearly 
92 per cent by weight of rubber. The same amount of antioxidant was used in 
each case, viz., 1 per cent by weight on the compound. The former afforded some 
protection, but no benefit accrued from the latter. 

The undoubted value of paraffin wax and similar substances which bloom to the 
surface of the rubber and produce a protecting film is well known. 

Color of the Compound——Most of the work which has been done on the influence 
of the color of the vulcanized rubber on surface cracking has been concerned with 
the question of the advantage, or otherwise, of a black compound compared with a 
white one or one of neutral tint. Evans (loc. cit.) referred to the conflicting state- 
ments which have been made as to the relative behavior of dark and light colored 
samples toward sunlight. As the result of his experiments, he found that the 
effect of adding 1 per cent of carbon black to clay and magnesium carbonate 
stocks was definitely to increase the amount of cracking produced. This is in 
agreement with the findings of Shepard, Krall, and Morris, but is contrary to the 
conclusion of the Bureau of Standards of the U. 8. A. Dawson (Trans. Inst. 
Rubber Ind., 7, 95 (1931)) refers to the well-known advantages of suitable dyestuffs, 
heavy mineral fillers, and carbon black incorporated in the rubber for improving 
resistance to light. 

In considering the influence of the color of a compound, it is necessary to dis- 
tinguish between three different ways of bringing about a change of color. It 
may be by (a) a surface application of the nature of a varnish or film which may 
protect, not because of its color, but because it prevents access of the air to the 
surface of the rubber. Haushalter (loc. cit.) stated that a cellulose film placed on 
the stretched rubber completely protected the rubber from cracking as long as the 
film remained intact. Williams (loc. cit.) also pointed out that any film which 
could be applied to the surface of the rubber, and which was not attacked by 
ozone, would give efficient protection as long as the film remained unbroken. More 
recently, Dawson (loc. cit.) stated that external treatment of rubber was in theory 
a sounder method than the use of internal preservative agents, as in that way it 
was possible to isolate the rubber from oxygen. 

The protecting influence of a film of paraffin wax which has bloomed to the 
surface, or even sulfur, is no doubt due to the protection of the rubber from the 
active ingredient or ingredients of the atmosphere. 

(b) The incorporation of a large amount of a filler. Different compounding 
ingredients used in large quantities produce vulcanizates which differ widely in 
their physical properties, such as moduli and tendencies to take a set when sub- 
jected to prolonged stress. These differences complicate the question of the effect 
of color upon the rate of deterioration. Moreover, compounding ingredients may 
vary intrinsically in being retarders or accelerators of deterioration. 

(c) The incorporation of a small amount of coloring matter which produces a 
very small and negligible change in the character of the compound. 
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The experiments to be described were based upon the last method. Two base 
mixes were used of the following compositions by weight: 


I II 

Pale crepe 43.4 Pale crepe 77.5 
Sulfur 1.0 Sulfur 2.0 
Zinc oxide 5.0 Zine oxide 20.0 
Titanium oxide 5.0 Mercaptobenzothiazole 0.5 
Blanc fixe 45.0 
Vulcafor D. A. 0.6 

100.0 100.0 


In the first experiment, one-half per cent by weight of ‘‘Thermatomic black” was 
added to base I. A pad, 1/3 in. thick, was built up of strips of the white base and 








Figure 1 


the gray compound alternately, the strips being about '/2 in. wide, and cured to 
a non-blooming stage for 30 minutes at 43 lbs. It was then wrapped on a mandrel, 
2 in. external diameter, with the strips running circumferentially, and suitably 
kept in a position without producing any other tension of the rubber except that 
caused by the bending to take the contour of the mandrel. The extension of the 
outer surface produced in that way was 6 to 7 per cent. The mandrel was placed 
horizontally and exposed to the sunlight in the open air, on a window-sill facing 
southeast. (This method was used in all the subsequent experiments.) The 
mandrel was turned round each day, except Sunday, so that the side previously 
near the window was exposed in turn to the full light. After eleven days, the 
gray strips were badly cracked, but very few cracks were to be found on the white 
strips. For photographic purposes the rubber was elongated 25 per cent in each 
case (see Fig. 1). 
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A similar result was obtained when using 2 per cent of lamp black or 1.5 per cent 
of carbon black in the same base mix. These results are in agreement with those 
of Evans and also of Shepard, Krall, and Morris. 

Very little has been published on the effect of incorporating small quantities of 
dyestuffs or mineral coloring materials. Van Rossem and Talen (loc. cit.), using 
the base mix previously mentioned, made tests of the following organic dyes: 
Vulcan Yellow G.N., Vulcan Green, Vulcafor Blue, and Vulcafor Red, and reported 
that cracks were soon observed in the wedge-shaped strips which were exposed to 
the air under tension and that no specific action of the coloring agents on the 
formation of atmospheric cracks could be found. It should be noted that the 
base mix employed was not white, and also that the cured specimens would be 
covered with a film of sulfur due to blooming. 








B 
Figure 2 


In view of the results obtained by destroying the whiteness of the base mix 
No. I by means of black pigments, a variety of organic and mineral coloring ma- 
terials were added in the following percentages by weight: 


Red Per Cent Green Per Cent 
(A) Cornbrook Rubber Pink 0.5 (A) Vulcan Green 3B. 
(B) Crimson Antimony 6 (B) Chrome Green 
(C) Vulcan Red D.K. 0.5 (C) Vuleafor Green L. 

Yellow Blue 


(A) Cadmium Sulfide 4 (A) Ultramarine 
(B) Vulcan Yellow G. Extra 1 (B) Vulcatex Blue A.S. 


Four pads were made with colored strips alternating with the white base in 
each case, one contained the red compounds, another the green, andsoon. These 
were all exposed as before, during part of the month of June, and after six days all 
the colored strips had numerous cracks, while very few were to be found on the 
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white ones. Of the reds (see Fig. 2), B was the worst and C the least cracked. It 
should be mentioned that C was decidedly paler than A or B and that A was a 
red with a slight tendency to purple. The blue strips were the least cracked of 
the colored ones, the paler ultramarine strip being less cracked than the deeper 
Vulcatex blue A.S. 

Figures 3 and 4 will illustrate the results obtained with a composite sample 
built up as follows: The white control strips (C) are of the base mix I and to it 
have been added to form strips (G) chrome green, (B) ultramarine, (Y) Vulcan 
Yellow G. extra, (Bl) carbon black (1.5 per cent), and (R) crimson antimony. 

This was exposed as before during a sunny period in June. After six days 
definite cracks were found on all strips except white and blue. After 18 days, the 
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black, green, and red were badly cracked and the yellow only a little less so. The 
white and blue strips were covered with irregular markings, but very few definite 
cracks could be seen. The photographs show the result of an exposure of 20 days. 
Owing to the depth of the printing required for the rest of the strips, Fig. 3 did 
not reveal the extent of the cracking on the black strip, but that is shown clearly 
in Fig. 4. 

A similar composite pad built up of white control base I strips (C) and strips 
containing (B) ultramarine, (G) Vulcan Green 3B, (Y) cadmium sulfide, (R) 
Cornbrook Rubber Pink was also exposed. Similar results were obtained, and 
Fig. 5 shows the result of exposure for 18 days. 

An experiment with base II and three colored strips yielded similar results. 

In all the foregoing experiments, the colors employed were either mineral colors 
or dyestuffs which were insoluble in the rubber. Dyestuffs soluble in rubber 
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might give a finer diffusion of coloring matter and possibly some modification of 
the results obtained. To test this point two such dyestuffs were used in control 
base mix II; Oil Yellow B.D.C. No. 4127 (0.5 per cent by weight) and Vulcafor 
Red III (0.5 per cent by weight). The pad containing the white base mix II (C) 
and the red (R) and yellow (Y) strips, cured for 45 minutes at 43 lbs., was exposed 
during a sunny period in September. After seven days, small cracks were found 
on the colored bands but not on the white. After 21 days, the white base was 
again covered with irregular markings, but there were relatively few cracks. The 
colored bands were badly cracked. The result of the total exposure is seen in 
Fig. 6. 

The white base which reflects the actinic rays, corresponding to the blue end of 
the spectrum, as well as the rays of greater wave length, invariably resists surface 
cracking the best. The ultramarine blue which reflects the blue light of short 
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Figure 4—Portion of Figure 3, Printed Lightly to Reveal 
Cracking of Black Strip (Bl) 


wave length, but absorbs the rays of longer wave length, is not far behind the 
white base. The black, red, yellow, and green strips, which absorb the rays of 
short wave length, are the most prone to cracking. 

Influence of Light-——The influence of light has interested many investigators. 
Williams (loc. cit.) showed that when rubber under tension was enclosed in a glass 
tube containing air or oxygen and exposed to summer sunlight, a non-elastic skin 
was formed on the surface, but no cracking took place. He determined which 
part of the spectrum was most responsible for causing the surface oxidation. He 
tried white, red, green, and blue light, and came to the conclusion that white light 
produced the heaviest skin, blue the next, and red the least. 

When specimens are exposed to sunlight in freely moving air, an oxidized skin 
may also form and, in the opinion of Williams, retard the appearance of cracks. 

Van Rossem and Talen (loc. cit.) exposed samples at night only, and kept them 
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in a dark cabinet during the day. Within nine nights cracks were formed, thus 
proving that sunlight is not necessary for their formation. They go so far as to 
say that the influence of light is more negative than positive. In some tests, 
smaller cracks appeared on the sunny side of the samples than on the shady side. 
They attribute this to the formation of an oxidized skin on the sunny side, such as 
was described by Williams, and which retards the appearance of cracks. On 
releasing the test pieces after the exposure, the skin was found to have more per- 
manent deformation, 7. e., less elasticity, than the rest of the strips. This oxidized 
skin was found to be more pronounced in mixtures containing a high percentage 








Figure 5 


of rubber than in those heavily compounded. This view of the negative influence 
of light is not held by some investigators. 

Krahl (loc. cit.) concluded that light was a potent influence and that the short 
waves were most harmful. Shepard, Krall, and Morris (loc. cit.) stated that sun 
cracking was an oxidation process aided by both light and heat. 

Evans (loc. cit.), comparing indoor exposure with outdoor exposure, stated that 
the more severe attack by outdoor exposure was probably due to a number of 
factors, among which were the non-removal of the active short waves of light. 

In the paper previously referred to, Merz (loc. cit.) said that “‘all samples in the 
sun showed a much more rapid formation of cracks than those in the shade. On 
the average, the results indicate that to obtain the same degree of deterioration in 
the shade, four to eight times as long was required as in sunlight.” 

Wurm (Kautschuk, 8, 73 (1932)) criticized some of Merz’s experimental methods 
and attributed the rapid aging in summer to the higher temperature and the 
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presence of active oxygen and not to actinic light, since rubber exposed under 
clean glass was found to crack as quickly as a control specimen exposed to direct 
sunlight. 

The question arises, why is the white compound used in the experiments de- 
scribed more resistant to surface cracking than any of the colored ones? It 
might appear to be due to the absorption of actinic light waves by the red and other 
pigments, which pass on some of the absorbed energy to the rubber, producing 
an instability leading to cracking. That this is not the true explanation is shown 
by the result of the following experiment. A pad of white base I was bent round 
the mandrel, as previously described, and a piece of porous cotton tape was 
loosely laid circumferentially on the surface of the rubber, and kept in position 
by means of a small quantity of adhesive near each end. The rubber (C.T. see 
Fig. 7) under the tape was thus more 
or less protected from the sunlight, while 
air could pass fairly freely through and 
under the tape. Parallel to this and 
about an inch away, a thin rubber strip 
of base I was similarly placed, but fitting 
more closely to the pad, again shading the 
rubber (R) underneath and preventing 
access of air, except to a very slight ex- 
tent. Exposure took place from about the 
middle of September to the middle of 
October. The photograph of one-half of 
the pad (Fig. 7) shows the result after 
thirty days. It will be seen that cracks in 
the rubber (C.T.) were found under the 
cotton tape, but nowhere else, though the 
movement of air over the surface under 
the tape was restricted, compared with 
the uncovered portion (C). Moreover, 
the least cracked portion of the strip was 
in the center, which corresponds to the 
top of the mandrel which would receive 
most light owing to the daily reversal of 
the mandrel, previously mentioned. It 
is thus seen that it is not the absorption of 
light waves which is the cause of cracking. 

Access of air is necessary, as is shown by the fact that the rubber (R) under the 
non-porous rubber tape was free from cracks. This result lends support to the 
views of Williams and Van Rossem and Talen that the skin produced by the 
incidence of sunlight upon a rubber surface acts as a protecting film, possibly pre- 
venting the penetration of the rubber by ozone, and may be other active agents. 
The fact that the skin is less elastic than the rest of the sample, and so tends to 
reduce the tension on the surface, is probably also an important factor. 

The existence of the skin on the white compound can readily be shown by im- 
mersing a piece of the latter in benzene. After a few weeks, the unexposed surface 
is soft and slimy, whereas the exposed surface is dry to the feel. The greater 
resistance to cracking of the white compound in the experiments described can 
be understood if it forms a skin more readily than the colored ones. A pigmented 
compound consists of a matrix of translucent rubber sulfide in which are embedded 
the particles of pigment. When light waves fall upon the surface, those falling 
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upon the translucent medium will be partially absorbed and partially transmitted 
until a particle of pigment is met. In the case of the white compound, the light, 
both short waves and long waves, will be reflected and again pass through a thin 
layer of matrix near the surface, again being partially absorbed in its passage. 
The light, diminished in intensity, may pass into the air and so contribute to the 
sensation of whiteness. Some rays will be repeatedly reflected and may be totally 
absorbed by the rubber sulfide near the surface. This absorption of light, es- 
pecially of the short waves, will promote the formation of an oxidized skin. Wil- 
liams (loc. cit.) stated that light colored rubber, when exposed to the sun, will often 
form a pronounced skin in two days. 

If the light, instead of meeting a white particle, falls upon a black one, it will 
be absorbed, and consequently less light will be absorbed by the rubber sulfide 
near the surface. Similarly, if the light waves meet a red particle, the short waves, 
which are the most active in skin formation, will be absorbed and only the longer 
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waves corresponding to the red end of the spectrum will be reflected into the 
rubber medium. Thus a more pronounced skin would be expected on the surface 


- of the white rubber than on the surface of the colored rubber, which is essentially 


the same in composition. 

The experiment with the cotton tape was repeated with a black compound made 
by adding 2 per cent of carbon black to base mix I. Figure 8 shows the result of 
an exposure for nearly four weeks, beginning on October 19. There appears to be 
little difference between the amount of cracking under the tape (C.T.) and that 
’n the uncovered portion of the pad. The tendency to form a protecting skin on 
the uncovered portion of the pad is less with the black compound than with the 
white one, even when exposed under the same conditions. This difference in 
behavior would be accentuated by the fact that the black compound was exposed 
later in the autumn when the days were shorter and the light less active. Conse- 
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quently, it is not surprising that the rates of cracking of the uncovered and the 
covered portions are approximately the same for the black compound, especially 
if it be borne in mind that the cracking under the tape is produced in spite of the 
restricted movement of air over the surface of the rubber there. Moreover, the 
temperature under the tape would presumably be slightly lower than over the 
rest of the pad in sunny weather. 

As a translucent compound would absorb more light than a white one, owing to 
the amount of light reflected by the latter, it should form a protecting skin more 
readily and to a greater depth, and so be more resistant to surface cracking. This 
was tested by making a base mix of pale crepe 89, sulfur 2.5, zinc oxide 2, and M.B.T. 

0.5. To one-half of this was added six parts 

by weight of titanium oxide and to the other 

half, six parts by weight of blanc fixe, to 

mineralize to approximately the same extent. 

A pad was cured for 45 minutes at 43 lbs., one- 

half being the white compound and the other 

half the translucent compound. After an ex- 

posure of four weeks, it was found that the 

white portion was more severely cracked than 

the translucent portion on which the oxidized 

skin was plainly evident. The fact that the 

translucent compound is superior even to the 

white compound serves to explain, to some 

extent, why magnesium carbonate has been 

found superior to many other compounding 

ingredients in producing a rubber resistant to 

surface cracking. 

It might at first sight appear that outdoor 

exposure in sunlight would retard surface crack- 

ing compared with exposure indoors, where 

the light would be less intense. That is not 

wes so, as is well known, largely due to two 

Figure 8 reasons. Reynolds (J. Soc. Chem. Ind., 49, 

170T (1930)) states that in dwelling rooms, 

the atmospheric ozone is rapidly decomposed, especially by the whitewash on the 
ceilings. 

The free movement of air over the surface of the rubber is conducive to rapid 
cracking. Van Rossem and Talen (loc. cit.) reported that the rapidity with which 
cracks occurred was especially great on windy days. There is little movement of 
air in a room compared with the outer air. That cracking takes place in summer 
more readily than in winter is also well known. There is no doubt that the activity 
of the agent, or agents, responsible for surface cracking is much greater in summer 
than in winter, partly no doubt due to the higher temperature. Kearsley (loc. cit.) 
found that raising the temperature from 60° F. to 160° F. halved the time of 
exposure to ozonized air which was required to produce similar intensity of cracking. 
Also the quantity of ozone in the atmosphere varies with the seasons, and is stated 
to be at the maximum in spring and at the minimum in winter. 

The writer wishes to acknowledge his indebtedness and to express his thanks to 
Geo. Spencer Moulton & Co., Ltd., for permission to publish this paper; to the 
Research Association of British Rubber Manufacturers for photographing the 
rubber samples, and to S. S. Pickles for his kind interest in the work, 
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In the previous paper on the effect of heat on the viscosity of rubber solutions 
(J. Rubber Soc., Japan, 3, 413 (1931)), the present author suggested that the re- 
duction in viscosity of dilute solutions of rubber on heating is probably a sign of 
depolymerization and not of physical disaggregation. In this report, the surface 
tensi-n of rubber solutions has been investigated in an attempt to elucidate the 
effect of heat on rubber solutions and to draw some more definite conclusions. It 
should be possible, in the author’s opinion, to detect depolymerization of rubber 
molecules by observing the surface tension variations of rubber solutions on heating, 
since the depolymerization of rubber would produce molecules differing widely 
in physical and chemical properties from the polymerized substance, and having 
most probably a different effect on the surface tension of the solution, whereas 
disaggregation of the dissolved substance in a solution is likely to produce no 
change in the surface tension, as aggregation implies merely coalescing particles 
to form larger groups, with no change in molecular species. It is possible that 
in solution a dynamic equilibrium exists between the particles and the aggregates, 
though the actual concentration of disaggregated material may be small. The 
results of the present work offer support to the theory that the effect of heat on 
dilute rubber solutions involves chemical depolymerization, that is, a breaking up 
of the long rubber molecules into shorter ones. 

The solutions of rubber for the surface tension determinations were prepared as 
follows. The crude rubber (first latex crepe or standard smoked sheet) was dis- 
solved in purified benzene saturated with carbon dioxide after a thirty-hour 
extraction with acetone. After small quantities of impurities had settled out, 
it was filtered through glass wool, and then through wadding, with the most careful 
exclusion of light and air, precipitated by the careful addition of pure acetone, and 
dried in vacuo at 50° C. to constant weight. The purified rubber thus obtained 
was then dissolved in purified o-xylene saturated with carbon dioxide to a concen- 
tration of about 1 per cent, and this was diluted to the desired concentration 
before use, the solution being stored in darkness. 

The experimental equipment consisted of a number of quartz test tubes of about 
30 ce. containing dry carbon dioxide gas in place of air; into each of these about 
15 ec. of the purified rubber solution to be heated was introduced. The test tubes 
fitted with corks were immersed in an electrically heated-constant temperature 
oil bath maintained at 100 + 0.3° C. for the desired periods of heating. After 
heating, the test tube was put in a thermostat kept at 25 + 0.02° C. for twenty 
minutes, and the surface tension of the solution at the boundary surface of the 
gaseous phase was measured at 25 + 0.02° C. in the same bath, by the drop weight 
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method using Traube’s stalagmometer. The results observed are given in Tables 
I and II, in which the relative surface tension ¢ is calculated by the following equa- 
tion: 


o = d/d,D,/D, 


where D, and D denote the drop numbers of the solvent and rubber solution, and 
d, and d are the specific gravities (d’f:) of the solvent and rubber solution, re- 
spectively. 


TABLE I 
CHANGE OF SURFACE TENSION OF PuRIFIED PALE CREPE-XYLENE SOLUTION ON HEATING 


(I) Concentration (g./100 cc.) = 0.42 d/ds = 1.0007 Ds = 42.13 
Time of heating 
(min.) D D;:/D 


¢ 

0 43 .64 0.9654 0.9661 
15 43.33 0.9721 0.9728 
30 43 .27 0.9737 0.9744 
45 43.15 0.9764 0.9771 
60 43.10 0.9775 0.9782 
80 43.05 0.9786 0.9793 
120 43 .03 0.9791 0.9798 
150 43 .02 0.9793 0.9800 
180 43.01 0.9795 0.9802 


AD C = 0.60 d/ds = 1.0008 Ds = 42,13 
me of heating D D./D 
0 44.62 
15 43.88 
30 43.76 
45 43.59 
60 43 .55 
80 43.49 
120 43 .46 
150 43.45 
180 43 .43 


TaB.e II 
CHANGE OF SurRFACE TENSION OF PuRIFIED SMOKED SHEET-XYLENE SOLUTION ON 
HEATING 


(I) C = 0.50 d/ds = 1.0008 D, = 42.13 
Time of heating D D:/D 

0 44.19 0.9534 

15 43 .62 0.9658 

30 43.41 0.9705 

45 43 .26 0.9739 

60 43.23 0.9746 

80 43 .06 0.9784 

120 43 .03 0.9791 
150 43 .02 0.9793 
180 43.01 0.9795 


(I) C = 0.70 d/dz = 1.0010 D. = 42.13 
Time of heating D D:/D 

0 44.24 0.9523 

15 43.61 0.9661 

30 43 .47 0.9692 

45 43.38 0.9712 

60 43 .24 0.9746 

80 43.20 0.9752 

120 43.15 0.9764 
150 43.13 0.9768 
180 43.10 0.9775 
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The results are plotted in Figs. 1 and 2. From the above data, it may be 
seen that the relative surface tension o of the rubber solutions shows a progressive 
rise with increasing periods of heating. This rise in surface tension brought about 
by the action of heat is possibly due to chemical depolymerization, since new 
molecules produced by depolymerization, different chemically from the hydro- 
carbon, would be expected to have an appreciable effect on the surface tension; 
if physical disaggregation occurred, no change in surface tension would be ob- 
servable. The controversy as to whether rubber in solution consists of micelles, 
that is, of large aggregates of small molecules colloidally and somewhat loosely 
bound together, or of individual large molecules continues to excite the keen atten- 
tion which its fundamental importance warrants, With respect to this point, the 


0 15 30 45 60 75 90 105 120 135 150 180 0 30 45 60 90 
—~ Time of heating (min.) > Time of heating (min.) 


Figure 1—Pale Crepe-Xylene Solution. Figure 2—Smoked Sheet-Xylene Solution. 
C = 0.42, C = 0.70. 


present author studied stalagmometrically the relative surface tension of purified 
rubber-benzene, toluene, and xylene solutions at the boundary surface of the 
gaseous phase, in order to ascertain the state of rubber in solution and the structure 
of rubber solutions, and obtained the following results. 


TaBLeE III 


SurFacge TENSION OF PurRIFIED PALE CrREPE-BENZENE SOLUTION 


d/de D D:/D o 
1.00010 42.33 1.0080 1.0081 
1.00015 42.61 1.0014 1.0016 
1.00022 43.04 0.9914 0.9916 
1.00029 : 0.9789 0.9792 
1.00038 : 0.9321 
1.00045 ; 0.9246 
1.00047 ‘ 0.9266 
1.00052 : 0.9464 
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Surracre TENSION OF PuRIFIED SMOKED SHEET-BENZENE SOLUTION 


d/ds D D;/D o 
1.00064 42.61 1.0014 1.0020 
1.00068 43 .43 0.9825 0.9832 
1.00072 43 .92 0.9715 0.9722 
1.00076 44.47 0.9595 0.9602 
1.00080 45.80 0.9317 0.9324 
1.00085 45 .92 0.9292 0.9300 
1.00089 44.93 0.9497 0.9505 
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TABLE V 
SurFracE TENSION OF PuRIFIED PALE CrEpE-TOLUENE SOLUTION 


d/ds D D;/D Cc 

.00066 42.20 0.9941 0.9948 
.00069 42.41 0.9892 0.9899 
.00078 43.12 0.9729 0.9737 
.00087 44.21 0.9489 0.9497 
.00097 45 .02 0.9318 0.9327 
.00107 45.37 0.9246 0.9256 
.00114 45.32 0.9256 0.9267 
.00125 44.35 0.9459 0.9471 
.00139 43 .82 0.9573 0.9586 


se 


TABLE VI 


SurFAcCE TENSION OF PURIFIED PALE CREPE-XYLENE SOLUTION 


C d/ds D D;:/D Co 
0.118 .00043 41.56 1.0137 1.0141 
0.212 .00051 42.24 0.9974 0.9979 
0.334 .00062 42.94 0.9811 0.9817 
0.410 .00068 43 .53 0.9678 0.9685 
0.514 .00076 44.50 0.9467 0.9471 
0.626 .00086 44.58 0.9450 0.9458 
0.694 .00092 44.47 0.9474 0.9483 
0.804 .00100 44.00 0.9575 0.9585 
0.906 .00108 42.14 0.9998 1.0009 


ss 


TaBLeE VII 
SurFAcE TENSION OF PURIFIED SMOKED SHEET- XYLENE SOLUTION 


Cc d/ds D D;:/D o 
0.128 .00031 41.87 1.0062 1.0065 
0.239 .00047 42.35 0.9948 0.9952 
0.338 .00061 42.91 0.9818 0.9824 
0.412 .00071 43 .42 0.9703 0.9710 
0.502 .00084 44.20 0.9532 0.9540 
0.634 .00103 44 .30 0.9510 0.9520 
0.702 .00112 44.24 0.9523 
0.772 .00121 43 .76 0.9628 
0.850 .00133 42.35 0.9948 


1... 1.) 


It may be observed from the above tables, that, up to 0.9% concentration, pure 
rubber behaves at the boundary air/benzene, toluene, or xylene, like a capillary- 
active substance, and the isotherm of the relative surface tension shows a minimum 
between 0.5 and 0.7 per cent. This behavior is explained by the fact that dilute 
rubber solutions up to 0.7% concentration contain predominantly free colloidal 
rubber molecules, while in more concentrated solutions the molecules are more or 
less aggregated in large complexes, in other words, the micellar structure appears 
distinctly. Therefore, it would seem very reasonable to consider that the change 
in surface tension of dilute solutions of pure rubber on heating is due to chemical 
depolymerization, 7. e., a breaking up of the long molecules into shorter ones. The 
lowering of viscosity in a rubber solution on heating is commonly attributed to 
physical disaggregation, but the results of the present investigation on the effect 
of heat on rubber solutions support the depolymerization theory. 





[From the Journal of the Society of Chemical Industry, Japan, Vol. 37, Supplemental binding No. 6, 
pages 309-310B, June, 1934.] 


Studies on the Nature of the Action 
of Organic Accelerators for 
Rubber Vulcanization 


X. The Action of Organic Acids on Rubber Sols 
Keiichi Shimada 


RusBER RESEARCH LABORATORY, DEPARTMENT OF APPLIED CHEMISTRY, 
Kiryvu CoLuece or TECHNOLOGY, JAPAN 


In continuation of the previous communication, the author has examined the 
influence of small amounts of organic acids, such as butyric, valeric, propionic, 
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Figure 1—Influence of Butyric Acid on the Figure 2 
Viscosity of a Benzene-Rubber Sol. I. Monochloroacetic acid; II. Bromoacetic 
(C = 0.45%) (acetone-extracted rubber). acid; III. p-Bromobenzoic acid. Amount added 
Amount added = 0.004 g. (previously dissolved = 0.004 g. wee! dissolved in 1 cc. benzene) 
in 1 ec. benzene) per 10 cc. per 10 cc. (C = 0.045%). 
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Figure 3—o-Iodobenzoic Acid 


Amount added = 0.004 g. (previously dissolved in 1 cc. 
benzene) per 10 cc. of 0.45% rubber solution 
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chloroacetic, bromoacetic, p-bromobenzoic, and o-iodobenzoic acids, on the vis- 
cosity of dilute benzene-rubber sols. The results are briefly summarized as follows: 

(1) Butyric, valeric, propionic, chloroacetic, bromoacetic, and p-bromobenzoic 
acids decrease the viscosity of the rubber sol practically at once, as shown by the 
time-factor curves in Fig. 1 and Fig. 2. 

From a consideration of the similar manner in which organic acids and bases 
influence the viscosity of rubber sols, the author concludes that the effect of com- 
mon organic acids on dilute rubber sols is a physical disaggregation of the rubber 
micelles retained in solution. 

(2) It is shown that o-iodobenzoic acid has a similar depolymerizing effect on 
rubber solution, and gives quantitative relationships of the same character as that 
noted in the case of the third group accelerators. (J. Soc. Chem. Ind., 36, 53 B 
(1933)). The fact affords evidence of a primary depolymerization of the rubber 
molecule, which is followed by a secondary chemical reaction between the de- 
polymerized rubber and the acid. 





[Reprinted from Transactions of the Institution of the Rubber Industry, Vol. 10, No. 2, 
pages 176-188, August, 1934.] 


Accelerators in Hard Rubber 
B. L. Davies 


DEPARTMENT OF CHEMISTRY AND RUBBER TECHNOLOGY, NORTHERN Po.yrTecHnic, LONDON 


In a previous communication (Trans. Inst. Rubber Ind., 9, 130 (1933)), it was 
shown that the use of accelerators in hard rubber caused but little modification of 
the physical properties of the vulcanizate as indicated by the stress-strain curve. 
Consequently, apart from the subsidiary question of premature vulcanization, 
both on the mill and in storage, the selection of suitable accelerators was a straight- 
forward problem, namely, that of securing a suitable time of vulcanization. Dur- 
ing the previous work, which resulted in a definition of best technical cure for 
“mechanical” hard rubbers, it was observed that the best technical cure was pro- 
duced when the time of heating was roughly the minimum required to give a prod- 
uct which was rigid at room temperatures. It seemed reasonable, therefore, to use 
the property of rigidness as a measure of the state of vulcanization when the evalua- 


tion of physical properties in exact terms was not required. 
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Minutes Vulcanization at 150° C. 
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Hardness has been regarded as resistance to small deformations, and thus may 
be considered as synonymous with rigidity as usually understood. It is thus dis- 
tinguished from the “‘modulus” of rubber, which refers to higher states of deforma- 
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tion (Goodman and Park, Ind. Eng. Chem., 20, 621 (1928)). Hardness is generally 
measured as resistance to penetration of a blunt instrument, one common form be- 
ing the Shore Durometer. Hardness figures for soft vulcanized rubber show no 
great variation in the neighborhood of correct cure, especially in loaded stocks. 
Similarly in the hard rubber zone, the hardness figures are of little value as a cri- 
terion of correct vulcanization, though such figures have been so used (Vanderbilt 
News, 1, No. 5, 8). 

The present work shows, however, that when a high-sulfur stock was vulcanized, 
the Durometer hardness figures changed in a peculiar manner. Table I and Fig. 
1 show the relation between hardness and time of heating at 150° C. of a mix con- 
sisting of smoked sheet 100, sulfur 50, and zinc oxide 5 parts. Obviously the curve 
consists of two parts, suggesting the occurrence of two consecutive reactions as 
postulated by Boggs and Blake (Ind. Eng. Chem., 22, 748 (1930)). The first por- 
tion of the curve apparently relates to soft rubber vulcanization, and shows the 
relatively small sensitiveness of the hardness test. After a longer cure a peculiar 
change of direction occurred, which in some cases even took an § shape. Finally, 
from a point representing almost exactly half the full time of vulcanization, the 
curve was linear, showing rapid increase in hardness, until hard rubber formation 
was almost complete. It is evident, therefore, that this linear part of the graph 
may be used as an indication of the course of the hard rubber reaction, and its 
slope may be taken as a measure of the speed of ebonite formation. 


TABLE I 
Time of Vulcanization (Minutes) 9 18 27 36 45 54 63 72 
Hardness, per cent 43 44 47 48 50 52 54 55 


Time of Vulcanization (Minutes) 81 90 99 108 117 126 137 = 152 
Hardness, per cent 56 60 66 70.5 76 80 87 95 





Preliminary Considerations.—Preliminary trials showed that the straight line 
when produced downwards passed through or near to the origin. Certain varia- 
tions in the position of the line were noticed, however, quite early in the work and it 
became evident that to define completely the time of vulcanization by this method, 
two quantities must be stated, namely, the slope of the curve and the intercept 
along the hardness axis, so that the equation representing the line was completely 
satisfied. 


H=rt+f 


where H = per cent hardness, r = rate of ebonite formation in terms of hardness, 
t = time of heating, and f is a constant. The value of r may be expressed as the 
tangent of the angle of slope, and f represents the intercept along the hardness axis. 

Experiments were carried out, therefore, with a view to ascertaining the causes 
of the variations. The curve may then be used for the investigation of the effects of 
accelerators on rate of hardening. 

Effect of Milling Conditions.—The effect of varying the temperature of milling 
was examined. One hundred parts of smoked sheet were masticated in each case 
for ten minutes, after which 50 parts of sulfur were added as rapidly as possible and 
the batch immediately cut from the mill. The curves showed that by reducing the 
temperature of milling no change in the position of the curve resulted. 

Table II and Fig. 2 show the effect of varying the time of milling. Prolonged 
milling at 60° C. caused increase in the intercept along the hardness axis and also 
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a small decrease in the slope, so that the time of cure remained unaffected. Curve 
C shows that the effect of prolonged working after addition of sulfur was more severe 
than over-mastication of the crude rubber alone. It was observed that, in certain 
instances, the graphs met at a common point representing approximately 100 per 
cent hardness (see Fig. 2). The significance of this fact is under investigation. 
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Minutes Vulcanization at 150° C. 
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TABLE IT 


Time of Heating (Minutes) 35 
Hardness A 58 
Hardness B 68 
Hardness C 72 


A: masticated 10 minutes at 80° C. and sulfur added rapidly. 
B: masticated 60 minutes at 80° C. and sulfur added rapidly. 
C: Mix A milled 60 minutes at 80° C. after addition of sulfur. 
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Temperature of Testing —During an investigation of the hardness of soft vul- 
canized rubber, Dawson (Trans. Inst. Rubber Ind. 3, 217 (1927)) found that the 
durometer was not sufficiently sensitive to show any change of hardness with change 
of temperature within the usual atmosphere variations. During the present ex- 
periments, however, it was found that the hardness figures of the partially vulcan- 
ized samples changed appreciably. This was partly due to a hardening action 
occurring during the first 24 hours after vulcanization and in part due to daily 
temperature change. The effect of temperature on the hardness of a range of 
samples is shown in Table III. It is noteworthy that the softer samples changed 
but little, but the harder ones softened considerably with rise of temperature. 


Taste IIT 
Hours Heating Hardness Measured at 
at 130° C. f 20° C. 30° C. 
3 58 57 
5 63 61.5 
69.5 67 
5 78 73 
7 
2 








4 


3. 
4 
4. 

4.75 81.5 77 
5 84 79 
5.25 86 81 


Effect of Various Types of Accelerators.—To a base mix, consisting of smoked 
sheet 100, sulfur 50, zine oxide 5, and stearic acid 0.5 parts, were added various 
quantities of a number of accelerators selected as representative of the several 
classes. Each batch of rubber was milled for 15 minutes at 60° C. on a laboratory 
mill, the ingredients being added as rapidly as possible in the order: accelerator, 
zinc oxide, sulfur, and softener. Finally a trace of a rubber insoluble organic color 
was added with the last of the sulfur. The batch was then cut and worked until 
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the color was seen to be uniformly dispersed. This was deemed advisable to en- 
sure homogeneity. 

After resting for at least 24 hours, samples of each stock were vulcanized in the 
press at 150° C. for various times so that the curves relating hardness to time of 
heating could be obtained. The samples took the form of discs 1 inch in diameter 
by */i¢ inch thick. Although they were thicker than might be desired for the pur- 
pose of examining the rate of vulcanization, this thickness was selected as being 
suitable for hardness measurements. Twenty-four hours after vulcanization and 
at a temperature of 15° C. the hardness was measured by the Shore Durometer. 


TasBLe IV 
PERCENTAGE OF MERCAPTOBENZTHIAZOLE 


10 Per Cent 7.5 Per Cent 3 Per Cent 1.5 Per Cent 1 Per Cent 0.75 Per Cent 0.5 Per Cent 
Min. Hard- Min. Hard- Min. Hard- Min. Hard- Min. Hard- Min. Hard- Min. Hard- 
Cure ness Cure ness Cure ness Cure ness Cure ness Cure ness Cure ness 
19 62 30 56 
25 76 36 60 
81 40 65 
88 46 72 
90 52 82 
95 56 88 
62 
66 


Temperature of Vulcanization 150° C. 
TaBLE V 


Minimum 
Concentration Efficiency Time of 
Maximum Giving Cure at 
Slope, Maximum 100 Concentration 
Accelerator Used R Slope, C C (Minutes) 
Mercaptobenzthiazole 
(Captax) 1.93 7.5 44 
Diphenylguanidine 1.86 1.5 54 
Di-o-tolylguanidine 1.85 5 56 
Ethylidine-aniline (A19) 2.04 55 
Aldehyde-amine 
(Vulcafor RN) 1.81 m 47 
ae 
(Vulcacit CT) 2.03 . 44 
Zinc diethyldithiocarbamate 2.00 ‘ 35 
Tetraethyl thiuramdisulfide 2.10 < 0.75 > 44 
Zinc pentamethylene-dithio- 
carbamate (Z. P. D.) 1.77 < 0.75 > 51 


TaBLE V-A 


Zine phenylbiguanide 
(Zincazol) iy 1.5 me 62 


1 
Litharge 0. < 0.75 _ > 129 
Hexamethylenetetramine 1.25 < 0.75 ee > 7 


Results.—Table IV and Fig. 3 show the results obtained with the stocks containing 
mercaptobenzthiazole. The curves all meet at a point on the hardness axis, and 
show clearly that, as the concentration of accelerator increased, the slope of the 
curve increased up to a certain maximum. At a concentration of 7.5 parts of 
mercaptobenzthiazole per 100 parts of rubber the slope was 1.93. As the accelera- 
tor concentration was further increased the curve was displaced, but its slope re- 
mained constant, although the time of vulcanization was reduced as indicated by 
the alteration of the intercept along the hardness axis. 











80 


The equation of the lines which pass through the common point (f, g) is (H — f) 
= r(t — g). But in all cases observed the point was on the hardness axis, 7. e., 

= 0; hence the equation becomes (H — f) = rt, where f is zero or very small 
for unloaded stocks. For low concentrations of accelerator f remains constant and 
r increases to its limiting value R, and then remains constant. From that same 
stage f increases in magnitude and the equation becomes H = Rt + f, where R is a 
constant. 

The work was repeated, using other accelerators with the following results. 

The outstanding feature of Table V is the similarity of the slope figures. Al- 
though mean figures were used in stating hardness and the position of the curve was 
fairly well defined, it cannot be claimed that the durometer is an accurate instru- 
ment. Further, the slope number is a very sensitive index, and consequently it 
seemed possible that the slope numbers quoted varied only by experimental errors. 
If this were so, then it becomes clear that all the accelerators mentioned increased 
the speed of ebonite formation at 150° C. to approximately the same extent. 

But a large variation is shown in the adjacent column where are tabulated the 
minimum amounts of accelerator per 100 parts of rubber required to give maximum 
slope to the curve. From these figures it is possible to express the efficiency of the 
accelerators in promoting the vulcanization of ebonite. The quantity 100/C was 
used as a measure of this efficiency. 

The figures for time of cure at concentration C are shown in the last column. 
These were obtained by producing the curve to meet the 100 per cent hardness 
ordinate. The figures appear to correspond closely to those for the best technical 
cure as defined earlier. The mean values of the slope and of the time of heating 
were, respectively, 1.98 and 48 minutes. Thus, from equation H = rt + f, the 
mean value of f was 6, for the unloaded accelerated stocks used. The curve for the 
base stock vulcanized at 150° C. gave a slope number of 0.76. Therefore it was 
concluded that all the accelerators mentioned increased the rate of hardening to a 
considerable and approximately equal extent. It has been stated that accelerators 
scarcely affect the velocity of hard rubber formation (Boggs and Blake, loc. cit.), 
but this view is not confirmed by the present work. 

Litharge, Hexamethylenetetramine, and Zinc Phenylbiguanide.—These three sub- 
stances appeared to be anomalous in their behavior in ebonite stocks. In each case, 
four concentrations of accelerator were used, varying between 6 and 0.75 parts per 
100 parts of rubber. 

The curves for the litharge stocks were all parallel and very close together. 
Their slope was 0.80, showing that litharge does not substantially increase the rate 
of hardening. It was thought that some such action might be found if higher 
concentrations were employed. Such mixes, however, could not be vulcanized at 
150° C. as 12 parts and upwards caused “blowing” during heating. Obviously, 
then, litharge is undesirable in hard rubber as it undergoes a change, probably a 
reaction with sulfur, which is exothermic. 

In the case of hexamethylenetetramine, only a small degree of acceleration was 
experienced (slope was 1.25), the curves being parallel and very near to one another. 
Time was not available for experimenting with smaller concentrations to determine 
the efficiency. 

Also, “Zinceazol,”’ a useful accelerator for soft rubber vulcanization, does not ap- 
pear to develop the maximum activity in hard rubber. 

Discussion.—The results might be explained on the assumption that the organic 
body accelerates the interaction of rubber and sulfur by improving the physical 
condition of the reactants, perhaps by facilitating diffusion of sulfur. In other 
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words, the external factors hindering the free action of sulfur on rubber are removed 
more and more by increasing small amounts of the accessory substance until the 
removal is complete. The rate of reaction is then determined as usual by the avail- 
able molecular energy. ‘True acceleration of the reaction beyond this point then 
appears to be impossible. Further addition of organic body reduces the time of 
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vulcanization by increasing the value of the intercept f, the significance of which is 
discussed later. 

From Table V it may be seen that, if the acceleration is judged by comparison of 
stocks containing equal weights of accelerator, the conclusions are liable to be mis- 
leading. It has been noted by Ditmar (India Rubber J.,'74, 1000 (1927)) that some 
accelerators when used in hard rubber did not fall into the same order of activity 
as when employed in soft rubber. It seems that there is some indication of a 
relationship between the efficiency of the accelerator in hastening hard rubber 
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formation and the modulus as obtained in soft rubber. Thus it is well known that 
mercaptobenzthiazole gives vulcanizates of low modulus and tetraethyl thiuram- 
disulfide gives stiff stocks. As was pointed out by Jones (Trans. Inst. Rubber. Ind., 
9, 337 (1934)), however, the modulus of an accelerated stock varies as the sulfur 
and accelerator ratios are changed. In general, increase of accelerator with con- 
stant sulfur gave an appreciable increase of stiffness and a decrease of accelerator 
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gave the reverse effect. Similar tendencies were observed when the sulfur content 
was altered. Consequently it is not easy to state whether any relationship exists 
between the modulus and efficiency. 

It is of interest to note, in passing, that increase of sulfur in a hard rubber mix 
caused an increase of slope in the hardness curve, as shown in Table VI and Fig. 4. 
The variations indicated, however, are very small relative to the similar changes 
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brought about by addition of organic bodies, or by rise of temperature of vulcaniza- 
tion. 


TABLE VI 


Minutes Heating 40 43 53 
40 Parts sulfur Curve A 63 66 84 
50 Parts sulfur Curve B 66 71 92 
70 Parts sulfur Curve C 69 78 94 


The Effect of Temperature.—The effect of temperature on the rubber-sulfur re- 
action in the presence of accelerators is also of interest. For this purpose the stocks 
containing 3 per cent of accelerator were vulcanized at temperatures differing by 
10° C. and the slopes of the hardness curves used for calculating the temperature 
coefficients of hard rubber formation. The results are shown in Table VII. 

In the case of the base mix the coefficient increased with rise of temperature on 
account of the fact that the temperature was not measured inside the sample. The 
heat generated during the exothermic reaction caused the temperature to rise above 
that of the press whose temperature was measured. No such explanation, however, 
could account for the fall in the value of the coeff cient at temperatures above 150° 
C., which occurred with most of the accelerators of moderate speed. It is curious 
that the most efficient accelerators (see Table V) were exceptio ynal in this respect. 
These also are the accelerators which are known to be active in soft rubber at low 
vulcanizing temperatures. 

The Effect of Fillers—The observed fact that, on addition of large quantities of 
accelerator, the hardness curve became displaced suggested that the shortening of 
the time to reach technical cure produced by the addition of fillers might be a 
similar effect. It is difficult to believe that inert fillers produce true acceleration. 

Various loaded stocks were therefore vulcanized at 150° C. and their hardness 
curves drawn. In all cases the curves were parallel, and the effect of the filler was 
to raise the curve, 7. e., to increase the magnitude of the intercept f. The results 
are set out in Table VIII and shown graphically in Fig. 5. For comparison some 
values of f for the higher loadings of the accelerator ethylidine-aniline are (A19) 
added. 


TaBie VIII 
Clay (Stockalite) Volume loading 


Mineral Rubber Volume loading 


f 
Light Magnesium Carbonate Volume loading 


Tale Volume loading 


f 
Ethylidine-aniline (A19) Volume loading 


f 


This pseudo-acceleration by fillers is probably due to the well-known stiffening 
action of finely divided solids when dispersed in viscous or highly plastic substances. 
It is noticeable that magnesium carbonate exerted by far the most powerful action, 
which was very similar in magnitude to that exerted by organic accelerators. From 
the point of view of cost, therefore, rapid cures are best produced by the use of that 
quantity of organic accelerator which gives maximum true acceleration and the 
maximum permissible loading of light magnesium carbonate. 
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Summary and Conclusions 


1. The curve relating the hardness to the time of heating of a high-sulfur stock 
indicated the presence of two consecutive reactions. The second half of the curve 
was mainly linear, and its slope might be used as a measure of the second (hard 
rubber) reaction speed. 

2. The straight line when produced downwards passed through or near to the 
origin. Its position was altered only slightly by normal variations in processing. 

3. The straight line may be represented by the equation H = rt + f, where H = 
per cent hardness by Shore’s Durometer, ¢ = time of heating in minutes, r = rate of 
hard rubber formation represented by the tangent of the angle between the curve 
and the time axis, and f = the intercept along the hardness axis. 

4. Influences which are known to increase the speed of chemical reactions in- 
creased the slope of the line. Thus, increase of sulfur concentration, rise of vul- 
canizing temperature, and the presence of catalysts increased the value of r, yielding 
a “fan” of lines all passing through a point near to or coincident with the origin. 

5. The organic accelerators of vulcanization in general were found to act as 
true accelerators if present in small amounts. With increasing concentration they 
increased the speed of hardening.at 150° C. up to a definite maximum, which ap- 
pears to be approximately the same for many accelerators. 

6. From an investigation of the minimum concentration of accelerator which 
produced the maximum slope, numbers representing the efficiency of the accelera- 
tors have been found. 

7. Further addition of accelerator produced no further change in r, but a definite 
and progressive increase in the value of f. This effect was also produced by the 
addition of mineral fillers. 

8. If the value of H be taken as 100 per cent hardness, the equation H = rt + 
f may be used for determining the time of cure. r is the rate of cure, dependent 
upon the nature of the accelerator, and the nature and amount of filler determine 
the magnitude of f. Values of f referring to some commonly used fillers have been 
determined. 

9. The effect of increasing the temperature of vulcanization on the rate of hard- 
ening was examined. It was found that the temperature coefficient of hard rubber 
formation was not a constant quantity for accelerated hard rubber stocks. In 
many cases its magnitude increased to a maximum within the temperature range 
140-150° C., and then fell at still higher temperatures. 





[R eprinted from the Journal of the Society of Chemical Industry, Japan, Vol. 37, Supplemental binding 
No. 5, page 256B, May, 1934.] 


Investigations of Unknown Com- 
ponents of Crude Rubber 


I. Copper Content of Different Types of Crude Rubber 


Keiichi Shimada 


RusBBER RESEARCH LABORATORY, DEPARTMENT OF APPLIED CHEMISTRY, 
Krryu Co.tueGce or TECHNOLOGY, JAPAN 


Small amounts of copper have been found to be present normally in all types of 
crude rubber. Standard smoked sheet and fine pale crepe contained 3.13 mg. 
and 2.32 mg. of copper, respectively, per kg. of rubber, whereas fine hard Para had 
a relatively large amount, viz., 5.50 mg. per kg. of rubber. 

Considering the wide distribution of copper in minute quantities in biological 
materials, it is most probable that the copper in the crude rubber is introduced 
from the original latex. 

The micro-estimation of copper in crude rubber was carried out by the colori- 
metric method proposed by the present author (J. Soc. Chem. Ind., 36, 263B (1933)), 
the procedure recommended by Ansbacher, Remington, and Culp (Ind. Eng. 
Chem., Anal. Ed., 3, 315 (1931)) for destroying the sample and dissolving the 
rubber ash being applied. 





[Translated for Rubber Chemistry and Tochaakeay, by Alexis Pestoff from the Journal of the 
Rubber Industry of the U. 8. 8. R., Vol. 10, pages 61-63 (1933).] 


Determination of Free Sulfur in 
Rubber 


I. Iodometric Method of Determination of Free Sulfur 
V. Bolotnikov and V. Gurova 


Tue LABORATORY OF THE LENINGRAD TIRE PLANT 


Up to the present time the determination of free sulfur has been carried out by 
extracting the rubber by acetone, followed by oxidation of the sulfur with bromine 
to sulfuric acid. This method has very substantial drawbacks, such as the fact 
that each determination of sulfur requires many hours, and the results of the 
analysis are received in the best cases on the second day. 

The method developed by the present authors is based on the iodometric method 
for the determination of sulfides, sulfites, and hyposulfites in the presence of one 
another. The rubber is treated with a solution of sodium sulfite Na2SO;, which 
transforms the free sulfur into hyposulfite, thus: NasSOs; + S—>Na.8.0;. The 
resulting solution contains Na,SO; and Na,S.O;. The sample, about 2 g. of finely 
cut rubber, is put into an Erlenmeyer flask of 250-300 cc. capacity, and 100 ce. of 
5% solution of sodium sulfite are added. Tests have shown that the best extraction 
of sulfur takes place in the presence of an excess of Na2SOs over that required 
by the reaction. Five grams of dry sodium sulfite enough to extract from 0.05 to 
2% S. 

The extraction is so complete that after extraction with Na,SO; the additional 
extraction of rubber with acetone during 28 hours gives practically no turbidity. 

The Erlenmeyer flask is connected through a cork stopper with an air-cooled 
condenser (500 mm. long and inside diameter about 6 mm.). The mixture is 
boiled for 1-2 hours, after which the inside of the tube, the cork, and the neck are 
washed out with hot water and the contents of the flask filtered through a folded 
filter paper. 


Tue REsvtts oF DETERMINATION OF FREE SULFUR IN RUBBER BY DIFFERENT METHODS 
Per Cent of Free Sulfur 
No. of Acetone 


Samples Extraction Iodine Titration 

0.13 0.1 15 0.14 0.14 0.14 0.15 0.15 0.14 

.039 0.038 0.038 0.038 0.038 0.039 0.038 

5 0.44 0.45 0.45 0.44 0.44 0.45 

23 0.122 0.123 0.123 0.123 0.123 0.123 

0.14 0.15 0.15 O. 0.15 0. 
0.27 0.28 0. 0.28 

0.07 0.08 : 
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The residual rubber in the flask is washed out three times with hot water and 
then three times with cold water. The washings are added to the filtrate and 
cooled. Five cc. of 40% formalin solution are added to the filtrate. The 
formalin is necessary to convert the excess of Na:SO; to aldehyde-bisulfite com- 
pound: 


HCOH + Na,SO; + H,O = H.C(OH)SO;Na + NaOH. 
After this, 20 cc. of 20% acetic acid and starch are added to the filtrate and the 


latter is titrated with 0.10 N iodine solution. The free sulfur is calculated ac- 
cording to the formula: 


V-K-0.003206-100 
a 





= % free sulfur, 


where V the amount of cc. of iodine used for titration, 
a weight of sample of rubber, 


TI 


K = 0012002 


TI is the titer of the iodine solution, 7. e., the exact standardized value of the 
iodine solution. 
0.012692 is the equivalent of 1 cc. of 0.1 N solution of iodine in grams of iodine. 
For instance, if the titer of the iodine solution is 0.01430, then the coefficient 
- _ 0.01430 | 97 


~ 0.012692 — 


The factor for sulfur: 0.003206, was calculated according to the following 


equations: 
2Na.SO; + 8, = 2Na.8.0; 
2Na.28.0; a I, = NaS.0¢ oo 2Nal 


Therefore 1 cc. of 0.1 N iodine solution is equivalent to 0.003206 gram of sulfur. 

If in the titration of the filtration, we use 5.7 cc. of iodine solution, when the 
sample of rubber is 2.2035 gram, then the free sulfur is calculated according to the 
equation above mentioned. 


5.7-1.127-0.003206-100 
2.2035 





= 0.934% free S. 


An examination of the results by the two methods makes it possible to draw the 
following conclusions: 

1. The parallel results of iodometric determinations of free sulfur differ only a 
trifle from each other. 

2. Comparing the results of the analyses by the new iodometric method with 
the regular method of determination of free sulfur by acetone extraction, it is 
obvious that the results are somewhat higher in the first case. The reason for this 
is that the iodometric method is more accurate than the gravimetric method now 
used in the rubber industry. 


II. The Oxidation of Free Sulfur with Permanganate 
N. Rogov 


In the laboratory of the Promtechnika plant at Leningrad, a new method of 
oxidation of free sulfur has been developed by the author. This method has given 
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good results, and the oxidation of sulfur and final precipitation of sulfate requires 
not more than 20 minutes, provided the chemist has had experience and knows 
the method. 

The determination of free sulfur should be carried out in the following way. 

Extract as usual with acetone, but with an Erlenmeyer flask. Evaporate the 
acetone, then add to the residual sulfur or rather to the residue after extraction 
in the flask 5-6 grams of solid KOH or NaOH (SO,~~ ions free). Then add 4-5 
ec. of water, and heat the flask until the sulfur is dissolved. To accomplish this 
it is necessary to boil the liquid for a while. 

The sulfur dissolves very quickly, because in the present case there is a highly 
concentrated alkaline medium, which boils at a much higher temperature than the 
temperature of boiling water and also than the temperature of the melting point 
of sulfur. The sulfur melts, and when melted reacts more quickly with the alkali. 

When the sulfur dissolves in the alkali, it is supposed there are formed chiefly 
acid sulfites, sulfites, and polysulfites. Obviously the reaction of dissolving pro- 
ceeds according to the equation: 


4S + 6NaOH = 3H,0 + Na,S,0; + 2Na,8 
and further as secondary reaction: 
nS + NaS = NaSin41), where n may be from 1 to 4. 
The solution must not be boiled too long. 


After boiling, the contents of the Erlenmeyer flask are poured into a 400-500 ce. 
beaker, and diluted to 150-200 cc. with distilled water. On heating, all compounds 


of sulfur are oxidized to salts of sulfuric acid, by a normal KMnQ, solution. The 
permanganate solution is added until a distinct green coloration appears. The 
reaction of the appearance of green color is: 


4KMnQ, (violet) + 4NaOH = 2K,MnO, + 2Na,MnO, (green) + H,O + O,. 


But before the green coloration appears, the permanganate oxidizes all com- 
pounds of sulfur into SO, ions, reducing itself to manganese dioxide. 
The oxidation reactions may be as follows: 


8KMnQ, + 3Na,8,0; + H.O = 8Mn0; + 3Na,S80O, + 2KOH + 3KSO, 
8KMnQ, + 3Na.S + 4H;0 = 8Mn0, + 3Na,SO, + 8KOH. 


Beside these two reactions, there are several secondary reactions. _. 

The oxidized solution, which contains precipitated manganese dioxide, and has 
a coffee color, is heated again for some time in order to coagulate the precipitate; 
afterward hydrochloric acid (1:1) is added until the mixture is acidic, 7. e., a small 
excess. The precipitated MnO, is dissolved after a certain time according to the 


equation: 
MnO, + 4HCl = MnCl, + 2H,0 + Ch. 


The resulting chlorine helps to oxidize any compounds of sulfur that may be 
left unoxidized. Chlorine with the hot solution of potassium hydroxide gives 
chloride and hypochlorite, and the latter is a very good oxidizing agent. 

As a result of the reactions described, oxidation of the sulfur is quantitative, 
as was verified by many tests. 

Subsequently, when the manganese dioxide goes into solution, the solution 
becomes absolutely clear and colorless (because the salts K,MnO, and NazMnOQ, 
are destroyed by the action of HCl). The hot solution is filtered (if necessary) 





90 


from foreign solids, a hot solution of BaCl; is added to the boiling filtrate, and the 
sulfur is determined gravimetrically in the usual manner. 

In some cases total sulfur may be determined in the same way in rubber mixtures 
and goods that have been preliminarily disintegrated with nitric acid. 

The advantages of this method are that: (1) the oxidation and precipitation 
take place in considerably less time than in the bromine oxidation and aqua regia 
oxidation. Because of this time saving, analyses may be carried out much more 
quickly, which is very important in plant laboratories, and (2) with this method it 
is not necessary to use such a very expensive reagent as bromine. 
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[Reprinted from the India Rubber Journal, Vol. 88, No. 16, pages 457-461, October 20, 1934.] 


Adsorptive Properties of — 
Carbon Black 


A New Angle 


H. Barron 


A considerable literature has been built up dealing with the relationship between 
reinforcement and the surface properties of the fillers concerned. One of the 
most interesting properties is adsorption. Wiegand (Ind. Eng. Chem., 23, 646 
(1931)) and others have attempted with considerable success to correlate the 
adsorption from alcohol solution of the typical accelerator diphenylguanidine 
with the reinforcing powers of carbon black, and it seems probable that reinforce- 
ment and adsorption are related phenomena, and that, under suitable conditions, 
the one may provide an indication of the magnitude of the other. 

Where the main object has been to compare the relative surface area developed 
by two or more finely divided powders, advantage has been taken of the fact that 
certain dyes (in particular methylene blue) are adsorbed from water solution by 
solids, and the relative amount of surface has been calculated from the quantity 
of color removed from the solution (Goodwin and Park, Ind. Eng. Chem., 20, 621 
(1928)). There is, however, some doubt whether the adsorption takes place 
quantitatively, and it appears that the character of the surface, as well as its 


extent, influences the figures obtained. Another method of determining adsorp- 
tive powers is by the removal of iodine from iodine solution, the strength of which 
can be determined by titration. In this case experimental difficulties often arise 
in separating the filler from the solution. 


Effect of Fillers upon the Distribution of a Solute between Two Solvents 


Of the methods reviewed it was clear that the simplest way by which to investi- 
gate adsorption phenomena (if there were no difficulty in separating the filler under 
examination from the solvent) was that of determining the amount of solute ad- 
sorbed from a solution of some readily estimated compound, such as iodine, benzoic 
acid, or diphenylguanidine. This procedure was certainly open to the objection 
that adsorption would take place in a liquid as distinct from rubber; but it was 
known that adsorption of diphenylguanidine from alcohol solution has been suc- 
cessfully employed as a control test for the quality of carbon black. In repeating 
methods already published, difficulty was often encountered in separating carbon 
black from solutions in which it became colloidally dispersed. 

The object of the present investigation was to discover a method for investi- 
gating the adsorptive phenomena of carbon black and other reinforcing fillers which 
had the following advantages: 

(a) The separation of the filler was unnecessary. 

(b) Quantitative measurements could be obtained with aqueous solutions, 

which would ensure accuracy. 

(c) The adsorptive effects of fillers could be observed in the presence of rubber, 

sulfur, and other compounding ingredients. 
Based upon the following experiments, such a method has been developed. 
Water has a very slight wetting effect upon any of the usual compounding 
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fillers. On the other hand, hydrocarbon solvents generally wet these fillers very 
efficiently. When water is shaken with any of these hydrocarbon solvents, two 
separate layers are formed, owing to the fact that they are immiscible. Experi- 
ments were carried out in which the common rubber fillers were shaken with various 
combinations of immiscible liquids. The results of these experiments, given in 
Table I, show that in many cases there is complete retention of the powder in one 
or the other of the liquids. Thus, when shaken with water and benzene, carbon 
black was taken completely into the benzene layer, the water layer being perfectly 
clear. 


TABLE I 
DisTRIBUTION OF FILLERS BETWEEN IMMISCIBLE LIQUIDS 


Water- 
Chloroform 


Water-Carbon 
Bi-Sulfide 


Water- 
Benzene 


Water-Eenzene 
(5 Per Cent Rubber) 


CarBON BLack 


Cura CLay 


Zinc Ox1pE 


MAGNESIUM 
CARBONATE 


WHITING 


LITHOPONE 


Srzrica GEL 


SULFUR 


Completely in 
a orm 


Completely in 


Completel in 
Chloroform 


Completely in 
Chloroform 


Most in 
Chloroform 


But con- 


siderable Di- 

neric la 
Completely in 

Chloroform 


unity in 
water 


Completely in 
layer 


Big Dineric 
layer 

Mostin Dineric 
layer 


Nearly all in 
CS, 


Almost all in 
Dineric layer 


Most in CS, 
layer 


All in the 
water 


Completely in 
Benzene 


Completely in 
water 

Most in water. 
Big Dineric 
layer 

Most in water. 
Big Dineric 
layer 


Most in water. 
Dineric layer 


Most in water. 
Dineric layer 


All in the 
water phase 

All in the 
Benzene 
layer 


Entirely in 
Benzene 


More in Ben- 
zene layer 


Most in Ben- 
zene. Ve 
stable emul- 
sion formed 


Both layers. 
Most in 
water 

Almost in wa- 
ter 

All in the 
Benzene 


Another important property of immiscible liquids is that they obey the distribu- 


tion law formulated by Nernst. This states that where a solute is distributed 
between two immiscible liquids, then if the molecular weight of the solute is the 
same in both solvents, the ratio of the concentrations in the two solvents at equi- 
librium is constant. If the solute exists as complex molecules in one of the sol- 
vents, then there is a constant ratio between the concentrations of the simple mole- 
cules in the two phases, which is known as the “partition coefficient.” It was 
considered probable that a filler would be more readily wetted by one solvent than 
by another, and might, therefore, be retained in one phase of a two-phase liquid 
system. 

These facts immediately provided a new method of measuring adsorption; the 
next step was to determine the effect of fillers upon the distribution of a solute 
between such immiscible liquids as had already been shown to bring about complete 
filtration of the filler into one or the other of the layers. 
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Distribution of Iodine 


With this end in view, benzene was added to two equal amounts of aqueous 
iodine solution. On shaking the mixtures a partition of the iodine occurred, and 
when allowed to settle the aqueous layers and benzene layers in each case were 
similar in color. To one of the systems a small quantity of carbon black was 
then added; when it was found that the material was retained completely in the 
upper benzene layer, while iodine was removed from the lower aqueous solution, 
as shown by loss in color at the interface. Other non-polar solvents capable of 
dissolving iodine gave similar results. Thus, with carbon tetrachloride the aqueous 
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Figure 1—Effect of Carbon on the Distribution of Iodine in 
Water—Hydrocarbon Systems 


layer formed above while the black remained in the heavier liquid below; and the 
aqueous layer became paler on shaking as before. (See Fig. 1.) 


Experiments were now carried out to see where these effects could be applied 
to the quantitative study of carbon black, and thence to fillers in general. The 
use of iodine solution proved impracticable because potassium iodide had to be 
added to the water to obtain satisfactory solution, and the salt was apparently 
adsorbed by carbon black with resulting change in the solubility of the iodine. 
Owing to the tendency of iodine to form complex molecules in various solvents, 
the partition between these solvents and water is by no means constant. Further- 
more, the greater solubility of iodine in organic solvents leaves the aqueous layer 
necessarily dilute. 
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Distribution of Benzoic Acid and Adsorption by Carbon Black 


Experiments were therefore carried out with benzoic acid of which the distribu- 
tion between water and benzene is such that the partition coefficient is almost 
constant over a wide range of concentration. In benzene benzoic acid is asso- 
ciated into double molecules, and most of the acid remains in the benzene layer; 
but experiment proved that rubber, sulfur or stearic acid could be added to the 
benzene without altering the partition of the benzoic acid between the organic and 
aqueous phases, and the effect of carbon black could, therefore, be studied quanti- 
tatively in the presence of these substances. 
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Figure 2—Partition of Benzoic Acid between Water and Benzene 


A careful study of the distribution of benzoic acid between water and benzene 
was made by adding varying quantities of purified benzoic acid to 200 cc. water and 
50 cc. pure benzene contained in a separating funnel, which was then shaken for 
several minutes and brought to 25° C. in a thermostat. The layers were separated, 
and a definite amount of each titrated; the aqueous layer with 0.01 N baryta, and 
the benzene layer with 0.1 N sodium hydroxide, using phenolphthalein as indicator. 
The experiments were repeated, using 50 cc. of a 1% solution of masticated pale 
crepe in benzene, a 1% solution of sulfur in benzene, and 1% solution of stearic 
acid in benzene. The results obtained are shown in Table II. 

The adsorption of benzoic acid by a definite amount of carbon black was next 
determined. In the experiments to be described, 5 grams of Micronex were used 
in each case, since this amount was found to give satisfactory adsorption figures. 

A series of standard solutions of benzoic acid in benzene was made up. Distribu- 
tions with water were prepared as before, the separating funnel being shaken and 
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TaBLe II 


PARTITION OF BENzOIC ACID BETWEEN b onemee AND BENZENE AND EFFECT OF CERTAIN 
LUTES 


Concentration in Water Layer When Benzene 

yer Contains 
VC benzene 1 Per Cent 1 Per Cent 1 Per Cent 
C water Rubber Sulfur Stearic Acid 


0.03183 ‘ 9.3092 
0.07442 " 9.4907 
0.11240 ‘ 9.4805 0.11181 0.11203 0.11037 
0.16524 , 9.2725 0.16480 0.16506 0.16553 
0.21536 ‘ 9.1973 
0.24043 4.79203 9.1053 0.23964 0.23923 0.23741 
0.29523 7.71805 9.4082 
0.31084 8.44580 9.3500 0.31083 0.30904 0.30752 


the system brought to temperature in the thermostat. This was done in the 
presence and absence of carbon black in order that the distribution might be 
determined at approximately the same concentrations in each case, thus obviating 
possible errors due to the use of a numerical partition constant which does not indi- 
cate the actual relationship at all concentrations. The black was then introduced, 
and the funnel shaken for 30 minutes. A fine emulsion was formed, which, how- 
ever, was easily broken by stirring with a rod. The aqueous phase was free from 
carbon black, and after the system had been brought to temperature could be 
separated. According to the concentration, 25, 50, or 100 cc. of this solution was 
titrated with 0.01 N baryta. 


Taste III 
ADSORPTION OF BrENnzoIc Acip By CARBON BLACK 


(All concentrations are expressed as gm. benzoic acid per 100 cc. solution.) 


(a) Carbon Black 


(Values same for pure benzene, 1% S in benzene, and 1% stearic acid in benzene.) 


cb Total Adsorption 

Co Cw (Caled.) Adsorption per Gram 
0.50164 0.06840 0.41251 0.05485 0.01097 
0.12515 1.36243 0.15505 0.03101 

0.15384 2.03622 0.20685 0.04137 

0.16796 2.41672 0.23415 0.04683 

0.22961 4.36796 0.34845 0.06969 

0.26948 6.43271 0.42715 0.08054 


(b) Employing Degassed Black 
0.10074 0.91923 0.13105 0.02621 
4.76043 0.18044 4.27881 0.35915 0.07183 
8.44601 0.29113 7.59243 0.46520 0.09304 


(c) Employing Heated Black 


0.11182 1.13760 0.10100 0.92040 0.13076 0.02613 
0.23964 4.76043 0.18142 4.28686 0.35320 0.07064 
0.31081 8.44601 0.29205 7.59904 0.46113 0.09221 


(d) Carbon Black When 1% Rubber in Benzene 


0.06067 0.32274 0.05973 0.31032 0.00850 0.00170 
0.18905 3.36314 0.19477 3.22175 0.07925 0.01585 
0.25232 5.65024 0.24710 5.43261 0.11920 0.02385 
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If the initial concentrations of benzoic acid in the aqueous phase be Cv and in 
the benzene phase Co, then according to the distribution law, since the benzoic 
acid exists as double molecules in the benzene phase: 


C'#/Cy =k 
If the final concentrations be cw and cs respectively, then again 
cf*/ey =k 


From the above relationship, the concentration of benzoic acid in the final 
system may be calculated. Knowing the total amount of acid in the initial and 
final systems the amount removed by adsorption is determined. 

The results obtained for a series of determinations with different amounts of 
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Final Concentration of Benzoic Acid in Grams per 100 Cc. Benzene Solution 
Figure 3—Adsorption of Benzoic Acid by Carbon Black 


solute are shown in Table III; the results obtained when 1% rubber was intro- 
duced in the benzene phase also being shown. The effect of adding rubber to the 
system was apparently to increase the surface tension between water and benzene, 
for the system did not emulsify easily. 

Similar experiments were carried out employing benzene containing 1 per cent 
of stearic acid, and containing 1 per cent of sulfur. The titration figures in these 
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cases did not differ appreciably from those obtained where pure benzene was 
employed. 


Effects of Altering Surface of Fillers 


An aspect of reinforcement which has hitherto received little attention is the 
effect of altering the character of the surfaces of fillers. In order to do this it is 
desirable to remove any films of gas which cover the filler particles as an adsorbed 
layer. Films of gas and moisture are exceedingly tenacious; a fact demonstrated 
by Patrick and Grimm (J. Am. Chem. Soc., 43, 1844 (1921)) with silica, which 
they heated in vacuo at 400° C. for six hours without losing all water. 

The method adopted in the present work to effect removal of this layer was to 
heat the filler to 400° C. in vacuo in the apparatus shown in Fig. 6. The sample 
was placed in the brass Tube A, on the ends of which were screwed copper tubes 
terminating in brass taps. The end of the apparatus was connected to a pressure 
gage and a Hyvac pump. Around the brass tube was an electrical furnace 
previously calibrated for temperature. Heating was commenced, and at 400° C. 
evacuation was started. The tube was rocked occasionally in order to present 
new surfaces of filler. Heating and evacuation was continued for four hours in 
each experiment, and the treated fillers were then incorporated into a rubber 
mixing, which was subsequently vulcanized and tested mechanically. Carbon 
black treated in this way was found to adsorb more benzoic acid than untreated 
black, while carbon black heated to 1200° C. in a muffle furnace gave similarly 
enhanced adsorption values (see Fig. 3). Tensiles were found not to differ appreci- 
ably from the control values. 

These treated blacks were examined for their adsorption behavior by the method 
described, and vacuum treated black being called “degassed black,’ and the other 
“heated black.” 


Development of New Technic for Adsorption Determination 


These experiments provided a new method of attacking the problem of deter- 
mining the adsorptive properties of fillers in the presence of rubber solvents and 
solutions. Briefly, the method is to shake known quantities of the filler to be 
examined with a system containing definite volumes of immiscible liquids in which 
is distributed a solute, adsorbed by the filler. It has been found almost invariably 
that on allowing the system to come to equilibrium, the filler is retained in one or 
the other of the layers, and the amount of solute adsorbed may be determined by 
direct estimation of the amount left in the other layer, employing Nernst’s partition 
coefficient. The method applies only for those solutes whose partition coefficient 
between two liquids does not vary appreciably over a wide range of concentrations. 
Suitable liquids have proved to be water and benzene, water and carbon tetra- 
chloride, water and chloroform. The experimental procedure finally adopted is 
described in the following section. 


The Adsorption of Phenol by Carbon Black 


Phenol has the advantage over the previous solutes examined, in that it exists as 
simple molecules in both benzene and water. Also, over an extensive range of 
concentrations the distribution ratio is constant. A further advantage is that the 
concentration in both solvents is of the same order, so that any alteration in 
the concentration in the one solvent is approximately equaled in the other. 
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A 2 per cent solution of phenol in water was employed to make up a series of 
partitions of phenol between 200 cc. water and 50 cc. benzene. These were well 
shaken and brought to 25° C. in the thermostat, after which the layers were 
separated and the amount of phenol in each estimated by the method of Messinger 
(Ber., 1891, 2573), which consists of brominating the phenol with an excess of 
acidified potassium bromide-bromate solution standardized against sodium thio- 
sulfate solution. Potassium iodide is added, and the iodine liberated estimated 
with the same thiosulfate. The method is of a high order of accuracy. 

As before, addition of rubber, sulfur, and stearic acid was made, and the effect 
on the equilibrium examined and found to be slight. Determinations of the ad- 
sorption due to carbon black were made, only the concentration of the aqueous layer 
requiring to be estimated. Phenol appears to have a distinct stabilizing effect on 
the emulsion formed, indicating a lowering of the interfacial tension between the 
water and the benzene. However, the emulsion gave way to stirring with a glass 
rod, again leaving the aqueous solution free from carbon black. 


TABLE IV 


PARTITION OF PHENOL BETWEEN BENZENE AND WATER AND EFFECT OF CERTAIN 
SoLurEs 


(All concentrations are expressed as gm. phenol per 100 cc. solution) 


C benzene Cwater When Benzene Layer Contains 
1 Per Cent 1 Per Cent 1 Per Cent 
Cwater C benzene Cwater Rubber Sulfur Stearic Acid 


0.03958 0.09186 2.3056 
0.07960 0.18396 2.3108 0.07905 0.07960 0.07930 


0.12292 ; 2.3149 

0.15900 7 2.3184 0.15840 0.15845 0.15880 
0.25171 , 2.3191 
0.31789 : 2.3193 0.31639 0.31770 0.31765 


TABLE V 
ADSORPTION OF PHENOL BY CARBON BLACK 
(All concentrations are expressed as gm. benzoic acid per 100 cc. solution.) 


(a) Carbon Black 
cb Total Adsorption 
Cob Cw (Caled.) Adsorption per Gram 
0.12786 0.05230 0.12134 0.00915 0.00183 
0.22890 0.09233 0.21375 0.02060 : 
0.43824 0.16736 0.39646 0.06475 
0.84802 0.32486 0.75201 0.13065 
1.68386 0.66844 1.54730 0.18620 


(6) With 1 Per Cent Rubber in Benzene Phase 


0.22984 0.09613 0.22254 0.00870 
0.43754 0.18292 0.42342 0.02015 
0.84712 0.35650 0.82544 0.03065 
1.72888 0.73285 1.70019 0.04105 


Employing the same terminology: 


and finally pa F 
= ©/Cy 


or 
o = Key 





Knowing Cw, the loss of phenol (¢. e., the amount of pheno! adsorbed by the black) 
was determined. The values obtained are quoted in Tables IV and V, and the 
results are shown in Diagrams 4 and 5. 
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Grams Phenol Adsorbed per Gram Carbon 
Black 





The introduction of rubber in small concentration decreased the adsorption 
considerably, whereas sulfur and stearic acid did not affect the adsorption. The 
behavior was similar to that observed when benzoic acid was used, and some form 
of preferential adsorption appeared to occur. In order in part to compensate for 





100 


the increased viscosity of the solution due to the rubber (and consequently the 
decreased mobility of the black particles), shaking was continued for several hours 
in these experiments. 


Discussion 


It is remarkable that when sulfur or stearic acid was dissolved in the hydrocarbon 
phase, there was no effect upon the amount of solute adsorbed by carbon black 
(see Fig. 3). This indicates that neither of these takes up any of the adsorptive 
capacity of carbon black. This indifference of carbon black toward stearic acid 
suggests, that if reinforcement be an effect associated with the adsorptive properties 
of fillers, stearic acid actually has no effect on reinforcement by carbon black as 
was suggested by Parkinson (Trans. Inst. Rubber Ind., 5, 263 (1929)). This is 
contrary to the contentions of Blake (Ind. Eng. Chem., 20, 1084 (1928)), who 
attributed reinforcement to the wetting of carbon black by stearic acid. 

Sulfur in solution in the non-polar phase is without effect on the adsorptive 
ability of carbon black. This would indicate that, where addition of carbon black 
to a mix retards vulcanization, then the retardation is due to specific adsorption of 
accelerator and not sulfur. 

The effect of using a 1 per cent rubber solution in place of the benzene causes 
such a marked decrease in adsorption (see Fig. 3) that there seems good reason to 
believe that much of the free surface energy of carbon black is satisfied by rubber. 
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Figure 6—Apparatus for Treating Carbon Black 


Stamberger (Kolloid-Z., 42, 295 (1927)) showed that rubber containing carbon 
black became slowly insoluble in benzene and assumed the character of vulcanized 
rubber, and suggested that the rubber micelles were adsorbed on the carbon particles 
with orientation which resulted in the formation of a network structure having 
increased rigidity. The experimental evidence tends to confirm this, and it is 
thought probable that such orientation would occur more readily during vulcani- 
zation while the rubber was hot and, therefore, more plastic. Hence adsorption 
and orientation of rubber molecules at the surface of carbon black particles may 
prove a dominant factor in determining the reinforcing characteristics of this filler. 
Degassed and treated carbon blacks appear to confirm this view, since experiments 
carried out with them indicate greater adsorptive power, presumably owing to the 
additional surface energy set free by liberation of the normal adsorbed gases. 
The recent introduction of specially surfaced fillers possessing enhanced reinforcing 
properties seems to support this theory. 


Summary 


(1) A’ new method has been developed for quantitatively determining the 
adsorptive properties of finely divided fillers, whereby advantage is taken of the 
partition coefficient of solutes between immiscible solvents. If carbon black is 
shaken with a mixture of polar and non-polar solvents (e. g., benzene and water) 
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the carbon black is always retained in the non-polar layer after separation. The 
behavior with other fillers has been investigated. 

This phenomenon has made it possible rapidly to determine the amount of iodine, 
benzoic acid, or phenol adsorbed by carbon black from the two phase liquid system 
by titration of the aqueous layer after equilibrium has been reached. A knowledge 
of the partition coefficient then enables the adsorption from the non-polar liquid to 
be readily calculated. 

(2) The adsorption isotherms for carbon black, degassed carbon blach and 
heat-treated carbon black have been investigated, employing this technic. 

(3) Since the partition coefficient of a solute between immiscible liquids is 
unaffected by the presence in either liquid of a substance insoluble in the other 
phase, the method developed can be used to investigate the effect of dispersed 
rubber, sulfur, etc., upon the adsorptive properties of the filler. 

Sulfur and stearic acid were found to have a negligible effect upon the absorptive 
power of carbon black for phenol benzoic acid, and iodine; whereas the presence 
of 1 per cent rubber in the benzene phase greatly reduced the ability of carbon 
black to adsorb the first two of these substances. This action of rubber in depress- 
ing adsorption also occurred in the presence of sulfur and stearic acid, and suggests 
powerful adsorption of rubber upon the surface of carbon black. 





[Reprinted from Industrial and Engineering Chemistry, Vol. 26, pages 
1190-1193, November, 1934.] 


Colloidal Changes 
during Rubber 
Vulcanization 


Ina Wiriu1aMs, E. I. du Pont de Nemours & Company, 
Wilmington, Del. 


UBBER is colloidal in nature and colloidal phenomena 
should be expected to play a part in the decrease 
of plasticity which is recognized as vulcanization. 

The elasticity of vulcanized and unvulcanized rubber is sub- 
stantially the same (23), and it is probable that elasticity is 
a function of the molecule while plasticity is a function of the 
state of aggregation. Many authors have suggested that 
either disaggregation or depolymerization is one step in vul- 
canization (1, 8, 15, 16, 19). Other authors believe that ag- 
gregation or polymerization is a factor (2, 4, 6, 9, 10, 13, 14, 
18, 19, 21, 22). In many cases it is probable that the term 
“polymerization” or “depolymerization” is used loosely and 
is not intended to involve a change in unsaturation. Ostro- 
mislensky (12), Stevens (17), and Twiss (20) have suggested 
that vulcanized rubber contains the reaction product of rub- 
ber and sulfur dispersed through the rubber as fine particles 
or threads. Feuchter (6) suggests a similar although some- 
what more complicated system which includes accelerator. 
Whitby (21) concludes from his experiments with drying oils 
that accelerators act on rubber containing combined sulfur 
to produce gelation or polymerization. Stevens and Stevens 
(18) have milled zinc oxide and accelerator into acetone- 
extracted vulcanized rubber and find that heating produces 
further vulcanization. 

Vulcanization may result primarily from colloidal phe- 
nomena, but there is no doubt that combination of sulfur is 
essential in hot vulcanization and the presence of an accelera- 
tor is beneficial. While combined sulfur is necessary, no re- 
lationship has been found between the extent of combination 
of sulfur and the physical properties of the rubber when vul- 
canized under different conditions. The great variation in 
physical properties obtainable with the same amount of com- 
bined sulfur indicates that the chemical combination of sulfur 
is not the primary cause of vulcanization. 
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It is the purpose of the present paper to show that 
rubber. which has combined with sulfur will disaggregate. 
under the influence of accelerators and to present data which 
indicate that this disaggregated product can gel either because 
of its concentration or under the influence of gelling agents 
to produce vulcanization. 


PEPTIZATION OF LIGHTLY VULCANIZED RUBBER 


Vulcanization may be carried out in solution to produce a 
gel which can be readily peptized. Cements containing sul- 
fur, zinc oxide, and piperidinium pentamethylene dithio- 
carbamate will gel in a comparatively short time at room 
temperature. If the resulting gel is treated with more of the 
accelerator, the gel will be reduced to a mobile liquid. In’ 
certain instances the resulting liquid will again gel and may 
again be peptized by the addition of more accelerator. This 
process, however, cannot be repeated indefinitely since a gel 
will finally result which can no longer be peptized. The in- 
ability to peptize a vulcanizate which is in a more advanced 
state of gelation indicates that the peptizing action of the 
added accelerator was not due only to a reversal of the pre- 
vious gelling process. 

Taste I. Errecr or Peprizina AGENTS oN CamENnTs 
GELLED BY DIFFERENT METHODS | 


MATERIAL ; | ; : 
PRESENT DURING TEMP. OF Peptizinc) PxrprTizine 

GELATION GaLaTIoN AGENT Tremp. Resvuurs: || '! 

® 2. ; °C. l aaca 

2% a-ethyl-s- 100 _ Piperidinium penta- 30 .Thin cement in 4. 

at gpd nl methylene di- Sires 

ine reaction . ,. 3 : thiocarbamate ! 
product 


a-Ethyl-6-propyl- 30 Not, peptized in 
acrolein-aniline 120 hr. 
reaction product 80 Thin in 2 hr.’ 


Diphenylguanidine 30 Not opentised - 
1% §:Cl: added as 30,  Piperidinjum penta- 30 . Eejremely thin in, 
. r. 
} - 


0% benzene fase St di- 
oln. 


thiocarbamate. - - oti ‘ 
None t __80 Thinin 168hr.- - 
HS + SOs each 30 Diethyl ammonium 80 Thinin6hr.°--°* 
‘added in ben- - i diethyl dithio- #3 ae 
WE i oli aol is } 4s Brraiter adi 
‘The gelling and: peptizing action. are illustrated: in the fol-: 
lowing experiments:' *. =" = > **s*> PON & se HESELG 
The base stoék consisted of srnoked sheet rubber’ contaiting * 
2 per cent of sulfur and 2 per cent of gine-oxide.’ Seventy graris’ 
of this.stock were made into a cement with 930 grams of:benzene: : 
Part of this cement was ‘treated with 1 per cent, of miperitintens : 
pentamethylene dithiocarbamate accelerator based on the 
weight of the’ rubber, and 10-cc. portions were placed in ‘test’ 
tubes. The time of gelation at room temperature varied among 
the different tubes from 9 to 11 days. soon as the cement 
in one of:the tubes had gelled, it was treated with 0.2: g of 
the accelerator on the surface of the gel. After: standing for 
5 hours, the gel had been reduced to a cétrieht more mobile than 
the original. Similar experiments were conducted with the. 


other tubes at increasing periods of* timé after-gelation.- “After” 
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the cement had been gelled for about 5 days, it was necessary to 
increase the accelerator to 0.3 gram and insert it into the gel with 

a glass rod to produce peptization. After 15 days the gel sof- 
rae but did not produce a smooth cement. After 2 months the 
gel could not be peptized. 


The peptizing action can also be observed by following the 
time required for gelation in the presence of increasing 
amounts of the peptizing agent. Portions of the above ce- 
ment were used, and increasing amounts of piperidinium 
pentamethylene dithiocarbamate were added. The cement 
was considered to be gelled when the test tube could be in- 
verted without the cement’s flowing. The time required 
for gelation increased with the amount of peptizing agent as 
follows: 


AccBLEeRaTOR BasEp GELATION Accu.uratTor Baszp GELATION 
on RvusBER Time on Rupasr Tima 
= Days 
7 . 
15 J 50 
21 J 55 


This phenomenon may be extended under proper conditions 
to cements gelled with other accelerators or with sulfur mono- 
chloride and to peptizing agents other than those used to pro- 
duce the original gel. Certain accelerators appear to act as 
peptizing agents only at high temperatures, and other mate- 
rials which act as accelerators of vulcanization appear to have 
little action as peptizing agents. No peptizing agents have 
been found which are not accelerators of vulcanization. To 
illustrate the action of other materials, a base stock consisting 
of smoked sheet containing 1 per cent of sulfur and 5 per 
cent of zinc oxide was made up to a 9 per cent cement with 
* xylene. Various conditions of gelation and aftertreatment 
were employed with the results shown in Table I. 

Rubber may be peptized after being gelled under the or- 
dinary conditions of vulcanization. In this case successful 
peptizing depends on treating the rubber during the early 
stage of vulcanization. In conducting these experiments, 
the compounds were vulcanized just sufficiently to permit 
the removal of the vulcanized slab from the mold. Strips 
approximately 1.5 X 4 X 15 mm. were cut from the slab and 
placed in a test tube containing 15 cc. of a 3 per cent benzene 
solution of the peptizing agent. The extent of the action of 
the peptizing agent can be followed roughly before solution 
of the rubber takes place by the degree of swelling and the 
disappearance of the sharp edges of the strip. Two stocks 
which were used in this type of experiment are as follows: 


Compound A B 


Smoked sheets 100 100 
Zinc oxide 0 5 
Vulcaniszation at 140° C,, min, 75 60 


The results of the action of various peptizing agents are shown 





TasBie IJ. Perprizina AcTION OF MATERIALS ON COMPOUNDS 





Compounp B 





Compounp A 





Pzprizine AGENT After 7 days 


oni bes firm and 
es 8 

ike tee 

Like control 


Like control 


None (control) 


n-Butanol 
Diphenylguanidine 


tanh +hi 1 
ie 
Mercap 





Benzothiazy] disulfide Appears to be dissolv- 
ing from surface; 
corners rounded 

Corners becoming 
rounded 


A soft jelly 


Almost in soln. 
Almost in soln. 


Almost in soln. 


Tetramethylthiuram 
monosulfide 

Piperidine salt of mer- 
_captobenzothiazole 

Piperidine 

Butyraldebyde-butylamine 
reaction product 

Piperidinium pentamethyl- 
ene dithiocarbamate 

Lead oleate Swollen more than 
control 


> ¢ 


Approx. time 


After 15 days 


As first obsvd. 


Like control 

Considerably softer than 
control 

Softer and more swollen 
than control 


More than half dissolved; 
remainder a firm jelly 


Much swollen to a soft 
jell 
In soln. 


In soln. 
In soln. 


In soln. 
Almost dissolved; small 


amount of gel remain- 
ing 


soln. 
Days 
Insol. 


Insol. 
Over 40 


Over 40 
22 


28 
15 


13 
13 


12 
18 


for complete 


After 2 days 


As first obsvd. 


As first obsvd. 
Less firm than control 


Swollen somewhat more 
than control, ZnO dis- 
solving from the rubber 

Surface appears to be dis- 
solving 


Much softer than control 
Dissolved 


Dissolved 
Almost all into soin. 


Dissolved 


eeee 


Approx. time 


for complete 


After 9 days 


As first obsvd. 


As first obsvd. 

Much swollen and very 
soft; edges indistinct 

Quite soft and trans- 
parent but edges still 
distinct 

Entirely dissolved 


Practically all dissolved 


Dissolved 


Dissolved 
Dissolved 


Dissolved 


eeee 


soln. 


Insol. 


Insol. 
20 


35 
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in Table II; these results may be influenced by factors other 
than the peptizing action of the added material. Certain 
of the materials are only slightly soluble in benzene. In 
none of the cases is the partition of the material between 
benzene and rubber known. Solubility phenomena may ex- 
plain why benzothiazyl disulfide affects the surface without 
causing a great deal of swelling of the rubber. The compo- 
sition of acidic material or of amines can be changed by com- 
bination with zinc, and the dithiocarbamates will be changed 
to amine salts in the presence of sufficient acid. In general, 
the strongest accelerators appear to be the strongest peptiz- 
ing agents, and in many cases the action is sufficiently great 
to change the rubber from an insoluble condition into a con- 
dition which produces a thin solution in a relatively short 
time. The difference in speed at which compounds A and 
B were peptized was due to differences in the physical state 
of cure. 

Many of these accelerators have an influence on rubber 
containing no combined sulfur. The effects are not great 
enough to be easily observed in the rate of solution of un- 
milled smoked sheet but can be detected by measuring the 
viscosity of cements. A benzene cement containing 10 per 
cent of smoked sheet rubber was divided, and portions were 
treated with the accelerators used in the previous experi- 
ments. Three per cent of material based on the rubber con- 
tent of the cement was used. The relative viscosity was de- 
termined after 24 hours by observing the time required for 
a */s-inch (0.318-cm.) steel ball to fall through a 10-cm. 
column of cements. 

The results of this series of experiments, given in Table 
III, show that all of the materials have a measurable effect 
on the viscosity. The magnitude of the action is not as 
great as might be indicated by the effects produced on lightly 
vulcanized rubber, and the order of activity is somewhat 
different. 


Tass III. Errect or Various MATERIALS ON 
Viscosity oF Russer CEMENTS 


MATERIAL Revative Viscosity 


Benzothiasyl disulfide 

Control, no addition 

Mercaptobenzothiazole 

n-Butanol 

Tetramethylthiouram monosulfide 
Diphenylguanidine ‘ 

Piperidine salt of mercaptobenzothiazole 
Piperidinium pentamethylene dithiocarbamate 
Butyraldehyde-butylamine reaction product 
Piperidine 


The extent to which lightly vulcanized rubber will be pep- 
tized depends not only on combined sulfur and on the effi- 
ciency of the peptizing agent but also to a very great extent 
upon the physical properties of the vulcanizate. Rubber 
vulcanized with an efficient accelerator to produce high ten- 
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sile strength with low combined sulfur cannot be peptized. 
On the other hand, an unaccelerated rubber-sulfur mixture 
of low tensile strength may contain considerable combined 
sulfur and be easily brought into solution. 

The peptizing action can be observed in the absence of 
solvents. Fifty grams of compound A after vulcanization 
were acetone-extracted and placed on the rubber mill. The 
compound was sufficiently vulcanized so that a continuous 
sheet could not be obtained, and the rubber assumed the 
form of small pieces of crepe. This product was treated with 
2 grams of piperidinium pentamethylene dithiocarbamate, 
‘ and the milling was continued. The rubber almost immedi- 
ately began to adhere and in a few minutes had assumed the 
form of a smooth sheet resembling unvulcanized rubber ex- 
cept that the sheet had considerable tack and tended to cling 
to the mill rolls. The same peptizing agent added to un- 
vulcanized rubber on the mill produces no noticeable effect. 


GELLING OF PEPTIZED RUBBER SULFUR 


Rubber containing combined sulfur after being peptized 
with accelerator is in a condition to gel to an insoluble form. 
Smoked sheet rubber containing 10 per cent of its weight of 
sulfur was vulcanized for 60 minutes at 140° C., creped on a 
rubber mill, and acetone-extracted for 9 days. The combined 
sulfur was found to be 1.02 per cent. After extraction the 
material was treated on the mill with 1 per cent of phenyl-8- 
naphthylamine to prevent oxidation and 2 per cent of piperi- 
dinium pentamethylene dithiocarbamate. The resulting ma- 
terial resembled unvulcanized rubber and dissolved readily 
in benzene. After standing at room temperature for 25 days 
the material would no longer dissolve in benzene without the 
addition of more accelerator. After 3 months it was no 
longer possible to get the rubber into solution. The com- 
bined sulfur at this time was found to be 1.05 per cent, which 
checks the original within the error of measurement. 

The extent of the gelation can be easily shown by its effect 
on the physical properties of the rubber. Two lightly vul- 
canized, pure gum rubber compounds of the following compo- 
sition were used for this purpose: 


Compound Cc D 


Pale crepe rubber 100 ioe 
Smoked sheet rubber es 100 
Sulfur 6 6 


Slabs of compound C were vulcanized for 90 and 120 minutes 
and of D for 60 and 75 minutes at 145° C. The slabs of 
tubber were approximately 3 mm. thick. Dumb-bell test 
strips were cut from each slab and acetone-extracted for 10 
days, the position of the strips being frequently changed 
to insure complete extraction. After removal from the ex- 
tractor the strips were dipped in a 5 per cent acetone solution 
of phenyl-8-naphthylamine and were then dried in a vacuum 
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desiccator over calcium chloride. Each strip was then 
treated by rubbing the various materials on the surface until 
the approximate required weight was present. The strips 
were then closely wrapped in tinfoil for heat treatment. 

Since the acetone extraction removed the resins and fatty 
acids, artificial resins were prepared for treating the rubber. 
Resin of the following different cemperinon was used for 
each compound: 


UszD WITH UsED WITH 
CompPpounp C Compounp D 


Zinc propionate 50 ” 
Zinc caproate dim 50 
Stearic acid 12 ss 
Oleic acid o 10 
Rosin oil 7 40 
Pine tar 12 ne 
Cottonseed oil 7 

Phenyl-8-naphthylamine 12 


The various strips were treated in the following manner: 


1, Extracted sample not further treated. 

2. Four percent resin; held 24 hours at 70° C. 

3. One per cent piperidinium pentamethylene dithiocarba- 
mate and 4 per cent resin; held 24 hours at 70° C. 

4. One per cent piperidinium pentamethylene dithiocarba- 
mate; held 2: 24 hours at 70° C. 

Four per cent zinc propionate; held 24 hours at 70° C. 

6. Placed in refluxing saturated acetone solution of zinc 

chloride for 6 hours and dried under reduced pressure. 


Combined sulfur was determined on the 75-minute cure of 
compound D after the various treatments and the physical 
properties were determined in all cases. The results are 
shown in Table IV. 


TasBLe IV. Puysicat PROPERTIES OF EXTENDED RUBBER 
AFTER TREATMENT 
TENSILE 
Srreneta ELonaa- 


TREAT- Loap aT ELONGATION OF: aT TION ComsBInEp 
MENT 600% 700% 800% Break aT Break SvutFur 


———-Grams per sg. mm. % % 
COMPOUND C, 9-MINUTE CURE 


1000 
960 


900 

980 

900 
COMPOUND C, 120-MINUTE CURE 


91 151 238 
160 273 470 
330 595 840 


COMPOUND D, 0-MINUTE CURB 


Odo 


Orotr 


50 
41 
126 
59 
75 


Photo 
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Considerable change in the physical character of the rub- 
ber has been produced by the various treatments. Resin 
C in each case when used alone had a slight stiffening effect 
while resin D had a definite softening action. Treatments 
5 and 6, which consisted in the action of zinc salts but omitted 
the softening agents contained in the resins, in each case pro- 
duced a definite increase in modulus. Treatment with ac- 
celerator alone has produced a small but variable effect. 
Treatment with accelerator and resins containing zinc has 
produced a marked increase in stiffness of the rubber. No 
appreciable change in the amount of combined sulfur has 
resulted 

The gelling action in the presence of accelerators and zinc 
is not always so easily shown. It can be demonstrated with 
many of the more rapid accelerators, such as zinc dimethyl 
dithiocarbamate, cadmium pentamethylene dithiocarbamate, 
and the piperidine salt of mercaptobenzothiazole. On the 
other hand, such accelerators as butylamine-butyraldehyde 
condensation products or diphenylguanidine will usually 
have a softening effect. In such cases the gelling action can 
be demonstrated by placing small pieces of the treated rubber 
in benzene solutions of piperidinium pentamethylene dithio- 
carbamate and comparing the rate of solution with that of 
the untreated rubber. The rubber will be found either not 
to disperse or to disperse much more slowly than before the 
treatment. 

The gelling action of soluble zinc compounds has been 
shown by their retarding action on the rate of solution of 
lightly vulcanized rubber. The solvent used was a 4 per 
cent benzene solution of the various peptizing agents, or, if 
less soluble, a saturated solution was used. Two test tubes 
were half-filled with each solution, and to one of the tubes 
2 per cent of zinc propionate was added. Strips of compound 
A, 1.5 X 4 X 20 mm., were added to each test tube and the 
swelling was observed. The observations after 24 hours are 
recorded in Table V. 


TaBLe V. RetTARDING ACTION OF SOLUBLE Zinc SALTS 
ON SWELLING OF RUBBER 


ABSENCE oF ZINC PRESENCE OF ZINC 
ncrease ncrease 


in in 
Pgprizinc AGENT Condition length Condition length 


% % 
Butyraldehyde-butylamine Practically all ... Edges sharp 200 
olved and firm 
oe Soft jelly edges ... Edges sharp 200 
indistinct and firm 
ridine salt of mercapto- Firm and edges ; 
nzothiazole sharp Firm 
Tetramethylthiuram mono- . 
sulfide Firm Firm 
pieeeaptebenasthienche Firm Firm 
Diphenylguanidine Firm Firm : 
| oleate i in xylene at . Dissolved ... Appears to dis- ... 
PG. solve from the 
surface; _half- 
dissolved re- 
mainder a soft 
gel 
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Steps INVOLVED IN VULCANIZATION 


The experiments which have been described lead to the 
conclusion that vulcanization is the result of several actions 
which take place to a varying extent under different condi- 
tions. The properties of the resulting vulcanizate will vary 
accordingly. 





j 
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Figure 1 


Some of the essential reactions which appear to be in- 
volved in vulcanization are illustrated diagrammatically in 
Figure 1 in which R, R’, and R” are different units of rubber 
and s is sulfur or other substance which is capable of com- 
bining with rubber. The first step consists in chemical ac- 
tion of the sulfur and rubber to form the unit Rs. The speed 
of this action can be influenced by materials such as accelera- 
tors which modify the size and activity of R and by the ac- 
tivity of s. The second step consists in the breaking up of 
chemical product Rs into X smaller units, R’, which are more 
active chemically and colloidally, and a smaller chemical 
unit, R’’s. The value of X and the size of R’”’ is largely a 
function of the degree of peptizing action of the accelerator. 
The third step consists in the combination of units R’ into 
a larger unit less active chemically and more stable in the 
presence of peptizing agents. This action is increased in the 
presence of soluble zinc. If sufficient rubber is changed to 
this type of gel the solubility and plasticity of the entire mass 
is greatly decreased. 

Various accompanying reactions can be written with most 
parts of Figure 1 as starting points. For example, some 
accelerators react directly on unit R to produce new units. 
Unit R’”’ can be further reduced by more efficient accelera- 
tors or can combine with sulfur to approach ebonite in com- 
position. The unit (X/n)Rn may also combine with sulfur 
but at a reduced rate. The presence of zinc should not favor 
the combination of sulfur because of the decrease in concen- 
tration of R’. This agrees with the known fact that zinc 
oxide does not favor the production of ebonite. Beadle and 
Stevens (4) have shown that, while zinc oxide greatly in- 
creases the tensile strength of a rubber-sulfur compound, the 
rate of combination of sulfur is not increased. Kelly (7) has 
shown that, after correction for sulfur combined with zinc 
and other nonrubber constituents, the amount of sulfur com- 
bined with rubber containing only natural accelerators is 
decreased by the presence of zinc oxide. The course of vulcani- 
zation is undoubtedly altered in many cases by change in the 
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chemical nature of the accelerator during the process and by 
activation of sulfur by certain accelerators. Sulfur may be 
replaced by other agents, in which case different peptizing 
‘agents may be necessary or the rubber may disaggregate 
without peptizing agents. Other gelling agents than zinc 
are conceivable. 

Vulcanization appears to consist of a chemical reaction 
that is accompanied by changes of a colloidal nature. The 
physical properties of the resulting vulcanized rubber do not 
depend on the amount of chemical action but on the degree 
to which the units Rs have been resolved into units XR’ and 
in the degree of combination of these units. 
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Studies in the Vulcani- 
zation of Rubber 


VI. Thermochemistry 


Joun T. BLake, Simplex Wire & Cable Company, 
Boston, Mass. 


was studied over the entire sulfur range by heat-of-com- 

bustion measurements. Data were also obtained on vul- 
canization with m-dinitrobenzene and selenium. Although 
it had been known qualitatively that there was a heat evolu- 
tion during at least a portion of sulfur vulcanization, definite 
values were thus obtained for the first time. 

The results by this heat-of-combustion method are, how- 
ever, of limited accuracy where small heat changesoccur. The 
method consists in the determining of heat-of-combustion 
values on a rubber compound before and after vulcanization. 
Their difference represents the heat content change brought 
about by vulcanization and involves the subtraction of values 
of about 10,000 calories per gram. 

From the data obtained the conclusion was drawn that little 
or no heat is evolved below 6 per cent sulfur but that there is a 
steadily increasing heat evolution beyond this to 300 calories 
per gram of compound at 32 per cent sulfur. The first three 
points of these data (2, 4, and 6 per cent sulfur) gave an 
average value of 5 and a mean variation from zero of 18 
calories per gram, representing approximately 0.05 and 0.18 
per cent of the total heat of combustion—probably the order 
of the accuracy of the determinations. In the presence of an 
accelerator (diphenylguanidine) a definite heat evolution was 
found beyond 4 per cent sulfur, although none appeared at 1 
and 2 per cent. Vulcanization of rubber with m-dinitroben- 
zene and selenium did not seem to give an evolution of heat. 

Toyabe (11) has since measured the increase in tempera- 
ture in the center of three rubber samples during vulcaniza- 
tion. He found that the maximum temperature occurred 
after about the same time interval and also determined that 
in each case this point coincided with the combination of 
about half the sulfur. An equation was set up for the reaction 
on the assumption that vulcanization involves two successive 


iE A PREVIOUS paper (2) the heat of vulcanization 
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processes: (1) the disaggregation of the rubber micelles, and 
(2) the reaction of this disaggregated material with sulfur. 
The equation gives the same general type of curve as the ex- 
perimental ones. In a second paper (12) he extended his work 
to include accelerated compounds. In all of these cases the 
maximum temperature also occurred when about half the 
sulfur had combined. The conclusion was drawn that his hy- 
pothesis of the mechanism of vulcanization is correct. 

Riding (10) studied temperature changes in the center of 
a mass of compound during the formation of ebonite. He 
found that the evolution of heat began at the same relative 
state of vulcanization with all the mixtures—a coefficient of 
vulcanization of 8—and that between 8 and 40 per cent 
sulfur on the rubber the reaction was exothermic. The 
results were essentially the same as those of Perks (9). Rid- 
ing found an increased temperature change in the presence 
of accelerators but concluded that it was due to the greater 
rapidity of the reaction. 

Hada, Fukaya, and Nakajima (5) used the heat-of-com- 
bustion method to study the heat of vulcanization. They 
claimed that the data of the present author are composite 
values containing: (1) heat of reaction between pure rubber 
and sulfur, (2) heat of reaction between resins and sulfur, 
(3) heat of reaction between protein and sulfur, and (4) heat 
of combustion of free sulfur. This is true of the first three 
items. There was little or no free sulfur in the samples used. 
They claimed also that the heat of formation of the nitric 
and sulfuric acids produced during combustion should have 
been corrected for, not realizing that the method of running 
blank determinations probably automatically cancels all 
such items. 

They purified the raw rubber by a solution and precipita- 
tion method, removing the protein with trichloroacetic acid. 
The vulcanized rubber was freed of resins and free sulfur by 
extracting with acetone. They calculated and applied the 
above-mentioned corrections, and their results are plotted 
in Figure 1, which may be compared with the author’s data 
as plotted in Figure 2 (the point at 6 per cent sulfur is prob- 
ably definitely in error). Their corrected data do not seem 
to confirm ordinary experience in vulcanization since, among 
other facts, they obtain an endothermic reaction of 400 calories 
per gram at 1 per cent combihed sulfur. 

Two of these authors, Hada and Nakajima (6), studied the 
question further. They resorted to the method of observing 
temperature changes resulting from vulcanization. They 
heated a small sphere of rubber-sulfur mixture, with a thermo- 
couple in the center, in an oil bath, together with a similarly 
equipped sphere of the same composition which had already 
been vulcanized and, therefore, was thermally inactive. 
The temperature difference between the two samples was 
plotted against time, as the oil bath was heated to and held at 
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160° C. The results are decidedly at variance with their 
previous data, since at no time during the vulcanization is 
there any evidence of an endothermic reaction. The maxi- 
mum temperature increases for the different percentages of 
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sulfur on the rubber have been estimated from their curves 
and are plotted in Figure 3. 

Lewis (8) concluded that the heat evolved was a straight 
line through the origin although he presented no new data. 

Jessup and Cummings (7) have recently determined the 
heat of combustion of raw and vulcanized samples of purified 
rubber. They used a method with many refinements, placed 
an alkaline material in the bomb, and analyzed completely 
the bomb contents for each determination. Their careful 
and extensive corrections should give accurate figures for the 
heat of vulcanization. The check values at 2 and 6 per cent 
sulfur vary, however, over 70 per cent, allowing no conclu- 
sions to be drawn regarding the soft rubber range. They 
deduced that the heat of vulcanization is a straight-line func- 
tion of the sulfur content over the entire range. 

The heat-of-combustion method promises nothing further in 
the low sulfur range. 

The temperature rise method offers at least a qualitative 
picture of the thermal changes during vulcanization. 


THERMOCHEMICAL EXPERIMENTS 


The temperature rise during vulcanization in the center of 
a mass of rubber may be magnified by increasing its volume 
and by heating at a relatively high temperature. The first 
reduces heat losses by conduction and the second causes the 
vulcanization to proceed with greater rapidity, thereby forc- 
ing the heat evolution to take place during a short period of 
time, 

A number of systems for studying these temperature rises 
have been examined. Rubber compounds have been heated 
in iron molds of varying sizes (one contained over 2 kg. of 
rubber) in a vulcanizing press. The time-temperature re- 
lationships were followed by means of several series con- 
nected thermocouple junctions placed in the center of the 
mass. Similar measurements have been made on different 
sized cylinders of rubber compound in test tubes placed in 
constant-temperature baths. 

It was decided that the following procedure offered a con- 
venient but sensitive method for investigating these effects: 

A cylinder of rubber compound was prepared by rolling a milled 
sheet of the appropriate dimensions. A copper-constantan 
thermocouple junction was placed in the center of the cylinder 
during its formation, about 50 mm. from one end. The assembly 
was slipped into a 38 X 200 mm. Pyrex test tube in such a manner 
that the thermocouple leads came out of the bottom of the —_ 
This prevented serious displacement of the junction if the rubber 
expanded during vulcanization. By forming the cylinder of 
freshly milled rubber and inserting immediately in the tube, the 
natural longitudinal contraction caused the sample to expand 
laterally and fit the tube tightly. 

The other thermocouple junction was placed with the tube in 
a 2-liter flask containing condensing c. P. aniline vapor (184.4° 
1 The temperature difference between the center of the 
cylinder of rubber and the constant-temperature bath was 
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measured at timed intervals on a Leeds & Northrup potentiome- 
ter, using the data of Adams (1). 


Compounds of rubber (smoked sheets) and sulfur containing 
1, 2, 3, 4, 6, and 8 per cent sulfur on the rubber were mixed 
and heating curves obtained. A representative curve is illus- 
trated in Figure 4 (2 per cent sulfur). In order to evaluate 
the temperature rise due to the vulcanization reaction, it is 
necessary to compare the vulcanization curve with that ob- 
tained when the material is thermally inactive. This latter 
may be obtained experimentally by reheating the same sample 
after the vulcanization has taken place. It is well known, 
however, that if a mass of thermally inactive material is 
heated by a constant temperature source, the logarithm of the 
unaccomplished temperature change at any point within the 
mass is a linear function of time. This may be represented 
by the equation: 


log (Hm — H) = A + Bi 


where A, B = constants 
H = temp. at time ¢ 
Heo = temp. after an infinite time 


A blank heating curve may thus be determined by plotting 
the experimentally determined unaccomplished temperature 
changes (H. — H) on a logarithmic scale and extrapolating 
the straight-line portion representing the heating rate of the 
material before the start of the reaction. A transfer of this 
extrapolated line to the original data allows evaluation of 
the changes occurring during the heating. The curve obtained 
in this manner is perhaps a more exact blank than that ob- 
tained experimentally by reheating the sample, since changes 
in structure in the sample occurring during the first heating 
would be reflected in the second set of data. That the two 
are not materially different, however, is illustrated in Figure 
5. The experimental and extrapolated lines are practically 
parallel and the data clearly indicate the logarithmic character 
of the heating (the displacement of one line from the other is 
obviously due to the use of a different time origin which is 
of no consequence since it is time intervals only that are 
significant). 

The difference between the two curves (Figure 4) is an 
indication of the thermal change due to the vulcanization 
reaction. These differences for the rubber-sulfur compounds 
are plotted in Figure 6. To study the effect of an accelerator, 
the following compounds: 


Smoked sheets 100 Diphenylguanidine (D. P. G.) 0.75 
Zinc oxide 5 


containing 1, 2, 3, 4, 6, and 8 per cent sulfur were mixed and 
their curves determined (Figure 7). 

Selenium is a vulcanizing agent for rubber, but ebonite 
cannot be formed through the use of selenium alone. The 
following compound was mixed and heated: 





Ficuret 6. TEMPERATURE RISE WITH 
RuBBER-SULFUR COMPOUNDS 


6 


Figure 8. TEMPERATURE-TIME RELA- 
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Smoked sheets 100 piesrtnathplatine 3 
Litharge 5 enium 12.5 


The data are plotted on a logarithmic scale in Figure 8, 
and the straight line illustrates clearly that no measurable 
heat is evolved during the vulcanization. It is possible also 
to vulcanize rubber satisfactorily with selenium and tetra- 
methylthiuram disulfide. The heating curve of the following 
compound was determined: 


Smoked sheets 100 Tetramethylthiuram disulfide 


1 
Zinc oxide 5 Selenium 0. 


5 
5 
The logarithmic plot in Figure 9 indicates that in this 
vulcanization there is also no heat evolved or absorbed. 


2 6 #4 


TIME-MIN. 


Figure 7. TEMPERATURE Rise wits Dt1- 
PHENYLGUANIDINE-ACCELERATED COMPOUNDS 


FicurE 9. ‘TEMPERATURE-TIME 
RELATIONSHIP FOR TETRAMETHYL- 


TIONSHIP FOR SELENIUM CoMPOUND ComPpouNnD 


Selenium has the ability to accelerate the vulcanization of 
rubber-sulfur mixtures, the selenium combining with the 
rubber to some extent. It is possible that selenium sulfide 
is an intermediate product and is a vulcanizing agent. Curves 
have been obtained on a compound containing 2 per cent 


THIURAM DISULFIDE-SELENIUM 
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sulfur on the rubber and one containing, in addition, 5 per 
cent selenium (an atomic equivalent). They are plotted in 
Figure 10. It is evident that, although no measurable heat 
is evolved when rubber is vulcanized with selenium alone, the 
presence of selenium results in a greater evolution of heat when 
the rubber is vulcanized with 2 per cent sulfur. 

One of the classical methods of vulcanizing rubber was dis- 
covered by Ostromuislenskii; it involves the use of nitro 
compounds, and the reaction is accelerated by litharge and 
by carbon black. The following compounds were mixed and 


heated: 
I II 


Smoked sheets 100 100 
ie arge 5 


h: 
arbon black 5 
m-Dinitrobenzene (D. N. B.) 3 3 


The results are plotted in Figure 11 and there is consider- 
able difference in the amount of heat evolved. It is possible 
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Figure 11. TEMPERATURE 
RIsE witH m-DINITROBENZENE 
ComPpounpbs 


that the litharge undergoes an exothermic reaction that is 
independent of the vulcanization. 

It is interesting to plot the maximum temperature rise data 
in Figures 6 and 7 against the percentage sulfur (Figure 12). 
Hada and Nakajima obtained only about a 1° C. rise in tem- 
perature at percentages of sulfur up to 10. The sensitivity 
of the present method is so much greater that there is nearly 
a a C. rise at 1 per cent sulfur and a 69° C. rise at 8 per cent 
sulfur. 
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There is clearly a heat evolution at all: percentages of 
sulfur. Beyond about 3 per cent the temperature rise be- 
comes progressively larger and is approximately a straight- 
line function of the sulfur. Below 3 per cent sulfur the lines 
curve to the origin at different rates and with different values. 
In this range the heat evolved in the presence of the di- 
phenylguanidine is materially less than without this ac- 
celerator. In neither case is the plot a straight line through 
the origin, as implied by the data of Jessup and Cummings. 


é + é 8 


Figure 12. Maxmmum TEMPERATURE 
Rise vs. PERCENTAGE SULFUR 
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Figure 13. Heat oF VULCANIZATION 


In previous papers (3, 4) it was postulated that the reaction 
of rubber and sulfur during vulcanization occurred in two 
steps: Rubber reacts with sulfur to form the elastic soft 
vulcanized compound which in turn reacts with more sulfur to 
form ebonite: 


Rubber + sulfur —~> soft vulcanized rubber 
Soft vulcanized rubber + sulfur —-> ebonite 


These reactions are successive in any one molecule, but ina 
mass of rubber both are taking place at the same time. The 
first reaction is speeded up tremendously by the use of ac- 
celerators while the second is essentially unaffected by them. 
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If, in addition, it is postulated that the first reaction is essen- 
tially isothermic and that the second is primarily an exothermic 
reaction, the difference between the two curves (Figure 12) is 
easily explained. When no accelerator is present, the greater 
proportion of the sulfur is consumed in the second reaction 
and a corresponding amount of heat is evolved. When the 
diphenylguanidine is present, more of the sulfur undergoes 
the first reaction and the percentage of sulfur involved in the 
second reaction is lowered, with a corresponding reduction in 
the amount of heat evolved. 

The vulcanization of rubber with selenium seems to undergo 
only the soft rubber reaction since ebonite has never been 
prepared with this reagent alone. The compound containing 
this element and a nonsulfur accelerator (p-nitrosodimethyl- 
aniline) evolves no measurable quantity of heat, which tends 
to confirm theabove theory. In the data of Figure 10 further 
confirmation is found; the selenium undergoes the soft rubber 
reaction to some extent, thereby reserving more sulfur for the 
ebonite reaction than would be available were the selenium 
not present. 

The heating of rubber with tetramethylthiuram disul- 
fide and selenium seems to evolve no heat, indicating also 
that it is possible to produce a completely vulcanized rubber 
without the evolution of heat. The second reaction probably 
does not occur to an appreciable extent in this case. 

Vulcanization of rubber by m-dinitrobenzene in the absence 
of litharge seems to evolve comparatively little heat. Even 
this may be due to a reaction other than vulcanization. 

If there were no heat lost from the samples by conduction, 
it would be possible to calculate the heat evolved in calories 
per gram by multiplying the temperature rise by the specific 
heat of the rubber (approximately 0.5). As a rough approxi- 
mation we may obtain such figures from the present data 
and, although there is heat lost and the temperature rise 
increases as the sample is made larger, it is believed that a 
material increase beyond the present size will give but moder- 
ately larger values. Such a calculation gives, of course, curves 
proportional to those in Figure 12, with a maximum value of 
about 35 calories per gram at 8 per cent sulfur. These figures 
are plotted in Figure 13, together with the new data of 
Jessup and Cummings. The values are of the same order of 
magnitude. 
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Tear Resistance 
and 
Structure of Rubber 


W. F. Busse 
The B. F. Goodrich Company, Akron, Ohio 


HE practical importance of tear resistance is so well 
recognized that numerous tear tests have been proposed 
(4); all of them are empirical and each gives results 
which differ, usually in unpredictable ways, from all others. 
However, with all their imperfections the common tear tests 
give information about rubber compounds that cannot be 
obtained by any other means. They have been used ex- 
tensively to study the effects of pigments on rubber, particu- 
larly in trying to determine why gas black greatly improves 
tear resistance while other pigments, such as clay and whiting, 
reduce it. Unfortunately, many workers did not even recog- 
nize that gas black causes a different kind of tear from that 
found with other pigments. This is not true of Talaly (6) 
and Kirchhof (3) who recently published data on the knotty 
tear of gas black and latex stocks. 

The theoretical importance of tear tests has been almost 
totally ignored in spite of the fact that some tests, such as 
hand tear, are particularly sensitive to the structural changes 
that occur during cure, and almost all of the tests are sensitive 
to the effects of pigments on the structure of the rubber. A 
satisfactory theory of tear testing would not only lead to 
increased precision in practical tear tests, but there is every 
reason to believe that it would also yield a better under- 
standing of the structures present in rubber. 

As a first approximation to such a theory, this paper will 
consider the tearing of an ideal, highly elastic medium that 
remains isotropic when stretched, and will examine in detail a 
few of the ways in which the behavior of rubber differs from 
the expected behavior of this ideal elastic material. The 
discrepancies will then be explained, where possible, on the 
basis of particular properties of rubber which differ from those 
assumed for the ideal elastic material. 

This treatment of the problem has resulted not only in some 
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improvements in the qualitative theory of tear resistance, but 
also in finding methods of using tear tests to study the forma- 
tion of particular structures in rubber. Among these are: 
(1) a semi-racked structure formed on stretching high-gum 
stocks, which probably is due to the same crystals that produce 
the Joule heat and the x-ray fiber diffraction diagrams; and (2) 
the mechanical fibers found in stretched gas-black stocks. 


ANALYsIS OF TEAR 


Tearing may be defined as the formation of new surfaces by 
the application of a small force in such a way that it is concen- 
trated at the tip of a sharp indentation or cut in the sample. 
The tear begins when the stress and strain ahead of the cut 
reach the tensile strength and ultimate elongation of the 
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Figure 1. Errect oF LENGTH oF Cut on STRESS 
DISTRIBUTION IN RECTANGULAR TEAR SAMPLES 


material. However, the tensile strength and ultimate elonga- 
tion for tearing stresses are not necessarily the same as those 
found in the standard tensile tests. 

Assume that rubber is an ideal, highly elastic material 
with the following properties: 


1. It is substantially homogeneous and isotropic, even when 
stretched. 

2. — stress-strain properties are independent of the rate of 
stretch. 

3. The stresses in two dimensions are not influenced by the 
size of the sample in the third dimension. This implies that, if 
the other factors remain constant, the tearing force will be directly 
proportional to the sample thickness. 


Then with a sample of a given size and shape, the tear 
resistance, or the force which must be applied to cause a tear 
in a given compound, will increase with any increase in the 
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area under the stress-strain curve of the compound. This 
follows because the stress at the cut is the integral of the stress 
gradients ahead of the cut, plus the stress at the far edge of the 
sample. Using a given material, a constant size of cut, and a 
constant sample width, but varying the sample shape, one 
would expect an increase in the stress gradient, with a corre- 
sponding decrease in the applied force required to produce 
tear, on changing from a rectangular sample to a crescent- 
shaped sample (as used in the Goodrich test) and to the hand 
tear, where the tearing force is applied at the open end of the 
cut. Qualitatively, at least, this agrees with common ex- 
perience. 

If the dimensions of a rectangular sample are held constant, 
but the length of the cut is increased, one would expect, and 
actually does find, that the force which must be applied to the 
ends of the sample to cause tear is decreased. However, it 
does not follow even from this simple theory that the average 
stress applied to the sample, calculated on the cross-sectional 
area ahead of the cut, will decrease continuously as the size of 
the cut is increased. 

Consider a rectangular sample having thickness ¢, width W, 
and length sufficient to make the effect of the grips negligible. 
The sample is cut normal to its length, along a line AOB 
(Figure 1). The distance cut is a and the width remaining 
uncut is b(= W — a). When a force, F, is applied to the 
grips, the stresses along the line of the cut will be a maximum 
at the end of the cut, O, and will fall off on both sides of this 
point, and tearing will occur when the stress at point O equals 
some critical value. The exact stress distribution across the 
sample at the time of failure will depend on the size of the cut, 
three general types of stress distribution being found as shown 
in Figure 1: 


1. When the cut is very small (a = 0), the stress across the 
whole sample will be nearly uniform, and the average stress at 
failure, F/bt, will approach the tensile strength of the material 
(Figure 1a). 

2. If the size of the cut is increased to make a/b the order of 
one, the sample will fail when the stress at both edges is still 
small. Hence, the average stress, F/bt, will be small (Figure 16). 

3. When the uncut portion is small (a = W, or b = 0) the 
total force, F, required to cause a tear will be very small, but the 
stress at the far edge of the sample from the cut will not be very 
different from the stress at the end of cut O, so the average stress, 
F/bt, will be high, approaching as a limit the tensile strength of 
the material (Figure Ic). 


The validity of these predictions was checked by experi- 
ments on a high-gum inner tube stock using rectangular 
samples about 8 cm. long and 0.25 cm. thick. Samples of 
four different widths were studied, usually varying the length 
of the cut from a minimum of 0.2 cm. to a maximum which 
was 0.2 cm. less than the total width. The samples were 
pulled in a Scott machine at 5 cm. (2.0 inches) per minute, 
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noting the load at which they started to tear. The results were 
then calculated in termis of the average force per unit area of 
the section ahead of the cut, F/bt. The value fora = 0 (i.e., 
the tensile strength) was determined from dumb-bell samples. 
The results are shown in Table I and Figure 2. 

The data show that the average tearing force falls rapidly 
when the length of the cut is increased up to about 0.2 cm., 
after which it falls slowly until the cut is about half the width 
of the sample. Further increases in the size of the cut make 
the average tearing force increase slowly; finally, when the 
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Figure 2. Errect or Lencta or Cut on AVER- 
AGE Stress REQUIRED TO START A TEAR IN 
SAMPLES OF DIFFERENT WIDTHS 


uncut portion is reduced to about 0.2 cm., the value of the 
average tearing force increases rapidly, as would be expected 
from the theory. 

This experiment shows clearly why geometrically similar 
samples do not give similar results in tear tests. The physical 
property of stress gradient in the rubber imposes a rather 
definite absolute limit to the minimum size of both the cut 
and the uncut portions of a tear sample. However, recog- 
nizing these limits, it should be possible to use tear samples of 
a wide variety of shapes and correlate the results of different 
tests on the basis of the stress-strain curve of the compound 
and the dimensions of the samples, provided rubber is the 
isotropic material assumed in this theory. Actually, no such 
correlation is found between different tests. 
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DIscREPANCIES BETWEEN THEORY AND EXPERIMENT 


Semi-Racxine. It follows from the above simple theory of 
tear that if any force, F, applied to the grips is great enough 
to start a tear, it is more than enough to make it continue 
across the sample. However, this is not true in general with 
rubber. 

Figure 3 shows how the force required to make a tear grow 
in a high-gum inner tube stock varied with the initial cut and 
with the distance torn. The samples were all 5.0 cm. wide 
and 0.25 cm. thick, and they were marked with longitudinal 
lines 0.5 cm. apart. Cuts 0.5, 1.0, 2.0, 3.0, and 4.0 cm. long 
were made in different samples, and the relation between the 
applied load and the growth of the tear was noted as they 
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Figure 3. CHANGE IN Force REQUIRED 


To MAKE A TEAR GROW WITH THE DISTANCE 
Cut anp Torn (INNER TUBE CompounD) 


were pulled in a Scott machine at 5 cm. (2 inches) per minute. 
The distances cut and torn are all measured on the basis of the 
unstretched sample. 

When the initial cut was 0.5 cm., the sample started to tear 
when a load of about 22 kg. (50 pounds) was applied to the 
grips, but the tear would not continue at this load. As the 
tear advanced, larger and larger loads had to be applied until 
it reached the 2-cm. mark, when a load of about 58 kg. (125 
pounds) was required to make the tear grow. After the tear 
reached the 2.5-cm. mark, it snapped across, as one would 
expect. However, if the initial cut was 2.0 cm., the sample 
tore across with a snap when the load reached about 8 kg. 
(18 pounds); when the initial cuts were larger, the samples 
failed at still lower loads. 

The explanation of this peculiar behavior is given by Fig- 
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ures 4 and 5, which show the strain distribution in two rec- 
tangular tear samples, one of which was cut before and the 
other after stretching. The solid lines form 0.5-cm. squares 
in the unstretched samples, and the actual stretch just ahead 
of the cut is about the same in the two cases. 

The curvature of the lines in Figure 4 shows that the 
stresses and strains gradually decrease in all directions from 
the tip of the cut, which is what one would expect to find 
in a truly elastic material. In Figure 5, however, the lines 
are almost straight over the whole sample except the two small 
triangular regions adjacent to the cut, where the rubber is 
almost completely relaxed. The straight lines show that the 
cut has had relatively little effect on the stresses and strains 
in most of the sample; all of the stress and strain gradients 
occur at the sharp boundary separating the stretched and 
relaxed parts of the rubber. This strain distribution can exist 
only if the stretched rubber has the finite rigidity to shearing 
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Figure 4. Strain DistripuTion 1In TEAR SAMPLE CuT 
BEFORE STRETCHING 


forces—a property inconsistent with the first assumption of 
the theory as well as with the properties of unstretched rub- 
ber. Hereissimple mechanical evidence for the formation of a 
new structure on stretching rubber. From its similarity to 
racked crude rubber it will be called ‘‘semi-racked rubber.” 
It seemed probable that the semi-racked structure was pro- 
duced by the same crystallization which is responsible for the 
Joule heat and the x-ray fiber diffraction diagrams, and later 
tests verified this hypothesis. 

This structure accounts for the well-known fact that a rub- 
ber band having a slight cut may be held indefinitely at any 
given elongation up to say 500 per cent without tearing, but 
it will fail quickly if it is repeatedly stretched through a lower 
cycle, say from 0 to 300 per cent. The rigidity of stretched 
rubber toward shearing stresses is important not only for its 
effect on tear tests but also for its effect on other properties 
such as stress-strain, etc. It is not surprising that the at- 
tempts to calculate the stress-strain curve of rubber have met 
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with so little success, when in nearly every case the authors 
have assumed the rubber to be homogeneous amorphous 
material. In reality, the stretched rubber usually is a hetero- 
geneous mixture of amorphous and crystalline parts, the 
relative proportions changing with the elongation, rate of 
elongation, temperature, etc. 

Semi-Racxine Test. The semi-racked structure can be 
studied not only by measuring the force required to make 
tears grow but also by stretching the samples definite amounts 
and determining how far they must be cut before they tear 
across: 


Rectangular samples about 10 cm. long and up to 5 cm. wide, 
having longitudinal lines 0.5 cm. apart, were held in grips which 
could be separated slowly and locked when the samples had the 
desired elongation. Small platens heated with water or steam at 
any desired temperature were placed on both sides of the stretched 
sample and held there until the rubber reached the platen tem- 
perature; then the sample was cut as soon as possible after re- 
moving the platens. Lower temperatures were reached by cover- 
ing the samples with chipped ice or with carbon dioxide snow 
while stretched. 


The results are plotted to show the relation between the 
initial stretch and the distance the samples must be cut to 
cause failure, the distance being measured on the unstretched 
samples. If the stress-strain curve of the compound is 


known, the data can be expressed in terms of the initial ap- 
plied force rather than the initial stretch, but this has not 
been found particularly useful. If the samples are stretched 
in a Scott tensile testing machine, the initial load as well as 
the elongation can be determined, but it is necessary to pre- 
vent the weight from oscillating when the sample is cut in 
order to obtain satisfactory tests. 

Typical results on three cures of a Captax (mercaptobenzo- 
thiazole) stock tested at 0° (left) and 100° C. (right), respec- 
tively, are shown in Figure 6. The compound contained 
rubber 100, sulfur 3.0, Captax 0.5, zinc oxide 5.0, and lauric 
acid 1.0. In every case when the initial elongation of the 
samples is 50 per cent, they must be cut almost completely 
across to cause failure. At this elongation small tears some- 
times develop which travel a short distance forward and then 
stop, but they rarely cause failure until the sample has been 
cut to within a few millimeters of the whole width. When 
the elongation is around 200 per cent, very small cuts (0.2 
to 0.5 cm.) often are sufficient to start tears that quickly 
snap across the whole sample. 

If the initial elongations of the samples are increased to 
about 400 to 500 per cent at 0° C., they again must be cut 
almost the whole width before they tear, owing to the semi- 
racked structure that develops. As the elongation increases 
still farther, the distance cut decreases because of the higher 
stresses applied. Ultimately an elongation is reached at 
which a very small cut will cause failure—the ultimate elon- 
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gation of the stock. When the tests are made at 100° C., 
the lower cures develop the shear rigidity, or semi-racking, 
but the highest cure does not. This suggests that the phe- 
nomenon of “heat brittleness” is due to an absence of the crys- 
tal structure at high temperatures. 

The minima in the curves are not necessarily the exact 
minimum elongations at which the semi-racking or the crystal 
structure develops, but they are the elongations above which 
this structure begins to show its mechanical effects. How- 
ever, one sample tested with x-rays showed no appreciable 
crystallization at elongations near the minimum in the tear 
curve, although the compound showed almost complete fiber- 
ing (crystallization) at 600 per cent elongation. 

Curves for a latex stock and another high-gum compound 
at optimum cure are shown in Figure 7. Badly undercured 
compounds sometimes show a broad minimum in the curve, 
owing to the flow and permanent set acquired by the rubber 
when held stretched. This must be distinguished from the 
broad minimum in the curves of the overcured stocks, where 
the lack of semi-racking is probably due to the formation of 
many cross bonds which prevent the orderly array of the 
molecules necessary for the formation of crystals. 

Occasionally high-gum stocks shattered rather than tore 
when cut. This was particularly true of overcured stocks 
tested at high temperatures. In one case a sample of Captax 
stock 5 cm. wide was stretched about 600 per cent, and heated 
to around 80° C. On cutting it about 1 mm., a main tear 
formed that quickly traveled straight across the sample, and 
scores of secondary tears started out from it in directions 
inclined from 60° to 80° to the direction of the main tear. 
These secondary tears were usually from 0.1 to 5.0 mm. long 
and sometimes did not even extend through the whole thick- 
ness of the sample (2.5 mm.). 

Since there is a time lag in the formation of the crystallites 
that cause the x-ray diffraction patterns (1), and it is prob- 
able that these crystallites play a large part in the tear resist- 
ance, one would expect that the apparent tear resistance 
would be reduced by increasing the speed of stretching. This 
effect is found to some extent in hand tear, and it also can be 
demonstrated with certain compounds in various machine 
tear tests. It may be noted that increasing the speed of 
stretch does not necessarily increase the temperature, since, 
if the stock is stretched and torn before the crystals have a 
chance to form, there will be no Joule heat, and the rubber 
may actually be cooled by stretching. 

The effect of pigments on the semi-racking is shown in 
Figure 8. Twenty volume loadings of coarse whiting, fine 
whiting, a thermal decomposition black (P-33), and gas black 
were used in a tread recipe using a polybutyraldehyde-aniline 
accelerator. Only the stock with the coarse whiting shows 
appreciable evidence of the maximum found in curves for 
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high-gum stocks. This suggests that the upper limit of the 
size of the mechanical units responsible for the semi-racking 
(and presumably of the crystals responsible for the x-ray 
fiber diagrams) is of the order of the distance between the 
particles of fine whiting (somewhere near 0.5 X 10-4 cm.). 
Making allowance for the effect of cross bonds formed during 
vulcanization in hindering the formation of a regular struc- 
ture, the actual size of these mechanical molecules (and crys- 
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Figure 6. Semi-Rackine or Captax Hicu-Gum Stock 


Mark estimated the length of the crystallites responsible for 
the x-ray fiber diffraction diagram to be around 0.03 to 0.06 < 
10-4 cm., and the width about one-third as great, each 
crystallite containing approximately twenty thousand unit 
cells. These dimensions are about one-tenth the calculated 
distance between the particles of fine whiting—an agreement 
that is as good as one could expect, considering the approxi- 
mations involved in both the x-ray and pigment calcula- 


tions. 


It will be noted that the lowest cures of both the gas black 
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and the P-33 samples must be cut almost the whole width of 
the sample to cause failure at elongations up to about 200 per 
cent, while the compounds containing whiting all fail when cut 
very short distances if the initial elongation is 75 per cent or 
more. The gas black and P-33 give the stocks a strong 
tendency to tear at right angles to the direction of the cut 
(i. e., toward the grips), and so the samples do not completely 
fail until they have been cut almost all the way across, even 
though perpendicular tears may start with relatively small 
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AND Mit1i-Mrixep Compounbs 


cuts. This effect is closely related to the formation of 
“knotty” tears. 

Knortry Trars. The formation of knotty tears in gas 
black and certain latex stocks is well illustrated by the photo- 
graphs in the papers by Talaly and Kirchhof. The outstand- 
ing characteristic of this type of tear is that the stock tends 
to fail in a direction at right angles to the initial cut—that 
is, parallel to the direction of the principal stress and strain. 
This behavior cannot be explained on the assumption that 
rubber is an isotropic material; it requires the development 
of a mechanically fibrous structure in these compounds on 
stretching. Since these fibers are not necessarily identical 
with the oriented crystallites in stretched high-gum stocks 
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which are responsible for the x-ray fiber diffraction diagrams, 
they are called “mechanical fibers.” 

The existence of mechanical fibers in gas black stocks can 
easily be demonstrated by stretching a thin sample 400 to 
500 per cent, putting a pin through it, and then trying to 
move the pin (normal to its axis) in different directions 
through the rubber. It will be easy to move the pin in the 
direction of stretch, thus splitting the rubber, but almost 
impossible to move it at right angles to this direction. Simi- 
lar results can be obtained with certain latex compounds 
and even with unmilled smoked sheets or para, probably 
because of the presence of the latex particles. A similar 
test applied to a high-gum stock made from milled rubber 
usually results in a tear which travels at right angles to the 
motion of the pin, no matter whether the pin moves parallel 
or perpendicular to the direction of stretch. 

When a sample tears perpendicular to the cut, the stress 
concentration ahead of the cut is reduced, thus making it 
necessary to apply much greater forces to produce further 
tear. A knotty tear is thus in a sense self-healing, which alone 
is enough to account for the high tear resistance of gas black 
stocks. 

In general, a right-angle tear can develop at a cut only 
when the transverse stress exceeds the transverse strength 
while the longitudinal stress is still below the longitudinal 
strength of the stretched material in the region ahead of the 
cut. In other words, an essential factor in the high tear 
resistance of gas black and certain latex compounds is their 
weakness at right angles to the direction of the principal 
stretch. 

Gas black compounds can also form smooth “normal” 
tears such as would be expected in an isotropic amorphous 
medium. If the samples are stretched very fast (several 
thousand per cent a second), the knotty tear does not form; 
instead a smooth tear is formed that travels in the direction 
of the initial cut. The same kind of smooth tear may be 
observed in the hand-tear test by applying the force with a 
jerk, when a quick, smooth tear develops that requires a rela- 
tively small force to make it travel through the sample. The 
actual rate of elongation of the rubber directly ahead of a tear 
is much higher than one might expect. If the ultimate elon- 
gation of the rubber is 600 per cent, and if substantially all of 
the stress gradient occurs within about 0.25 cm. (0.1 inch) 
ahead of the tear, then if the tear travels through the sample 
at the rate of 25.4 cm. (10 inches) per second, the actual rate of 
elongation ahead of the tear will be around 60,000 per cent per 
second. Even if the tear traveled as slowly as 2.5 cm. (1 inch) 
per second, the rate of elongation would be hundreds of times 
greater than that used in tensile tests. It is probable that the 
hand-tear test gives such valuable results chiefly because it 
tests the rubber over a wide range of rates of elongation. 
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The time lag in the formation of the mechanical fibers may 
be responsible for the fact reported by Cooper (2) that in the 
Firestone flex-cracking test, the samples must be allowed to 
return to zero elongation in each cycle in order to make them 
fail in a reasonably short time. The flex cracking may start 
tears which grow only during the small fraction of each cycle 
before the fibers are formed. 

This phenomenon can be shown more clearly by using 
samples of a high-gas-black stock 2.5 cm. wide and 5.0 cm. 
long between grips, having a 1.0-cm. cut at the middle of one 
edge. If they are flexed at the rate of two hundred strokes 
per minute through different cycles, keeping the maximum 
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Ficure 8. Semi-Rackinc or PicMEnTeED Stocks (Curep at 146° C.) 


elongation of the cycle always the same, the life will increase 
as the minimum elongation is increased. Typical data are 
shown in Table IT. 

The appearance of the tears formed at these cycles is shown 
in Figure 9. When the minimum elongation is 10 per cent or 
less.(samples A and B), the tears travel almost straight across 
the sample, although the torn surface is quite rough. Witha 
minimum elongation of 15 per cent (C), two tears form that 
travel at an angle to the initial cut; when the minimum is 
increased slightly more (D), the two tears form a still larger 
angle. When the minimum elongation reaches 20 per cent, 
the angle between the two tears is more than 180°; i.e., the 
tears travel backwards, forming an arrowhead at the end of 
the cut asin sample Z. This was flexed 16 hours before being 
removed, and others have been flexed up to 150 hours with the 
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tear still traveling backwards; so as far as the tear resistance 
is concerned, the flexing life may be considered infinite. 


TaBLe IJ. Errect or Minimum ELONGATION oF STRETCHING 
Cycie on FLExinG Lirs or A TREAD CoMPouND 


SampP_z Stretcuine Crcie Lirz 
% Min. 
A 5-60 10 
B 10-60 25 
Cc 15-60 90 
D 17-60 150+ 
E 20-60 Infinite 


Similar results are obtained if the maximum elongation of 
the cycle is fixed at different values, such as 40, 80, or in some 
cases even 120 per cent. In general, if the minimum elonga- 
tion is not too high, say below 25 per cent, the life will de- 





A B Cc D E 


Ficure 9. CHARACTERISTIC TEARS FORMED IN TREAD Stocks FLEXED THROUGH 
Cycies Havine DirFERENT Mintmuum ELONGATIONS 


crease slightly as the maximum elongation is increased, 
probably because of the fact that this increases the rate of 
elongation, since the number of strokes per minute is kept 
constant. If the minimum elongation of the cycle is raised to 
around 60 to 80 per cent, and the maximum elongation is not 
too high, then the flexing life will be infinite; i.e., arrow- 
head tears will form. The maximum elongation of the cycle 
cannot be increased indefinitely, since there will be some 
maximum value above which the sample fails by a single 
quick tear. 

These experiments do not solve the question of what causes 
knotty tears, but they do put the question in a new form: 
How does gas black make the rubber compounds weak in the 
direction normal to the principal stretch? 
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DIscussION AND CONCLUSIONS 


The simple theory of the tearing of an isotropic elastic 
material leads to some conclusions which are valid for rubber, 
but the chief value of the theory lies in its predictions which 
do not agree with the actual behavior of rubber compounds. 

The theory has shown how one can change from a tensile 
test to a tear test to a predominantly tensile test, simply by 
increasing the size of the cut in a rectangular tear sample from 
zero up to almost the width of the sample. 

The discrepancies between theory and experiment have 
shown in some detail how rubber differs from the ideal iso- 
tropic material postulated by the theory. It has been found 
that at least two nonisotropic structures may exist in stretched 
rubber: (1) a semi-racked structure found in high-gum stocks 
and (2) a mechanically fibrous structure found in gas black 
stocks. ‘The first is due to the crystallites responsible for 
the x-ray fiber diffraction patterns and the second causes the 
“knotty” tear of high-gas-black stocks. Tear tests offer 
simple methods for studying the effects of pigment, accelera- 
tor, sulfur concentration, testing temperature, rate of stretch, 
etc., on the formation of these structures. 

The mechanical simplicity of tear tests makes them useful 
from the practical standpoint, but their value as probes for 
studying the molecular structure of rubber lies in the fact that 
they enable one to apply to a small region very high stresses 
acting simultaneously in several dimensions, as well as allow- 
ing one to stretch the rubber over a wide range of rates of 
elongation. Unfortunately, it is these same facts which make 
the tear tests complicated and difficult to interpret. Once 
they are understood, however, it may be easier to understand 
other properties, such as the stress-strain curve, etc., which 
appear to be quite simple but actually are complex because of 
the many different structures present in the rubber. 
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Thermal Properties of 
Rubber Compounds 


II. Heat Generation of Pigmented 
Rubber Compounds 


C. E. Barnett anp W. C. Matuews, The New 
Jersey Zinc Company, Palmerton, Pa. 


ductivity of rubber and a number of compounding 

ingredients which were measured using the electric 
current as the source of heat. In this article the funda- 
mental factors controlling the generation of heat and the 
variations possible by pigmentation are being studied. Re- 
sults obtained for pigmented rubber in the pendulum and 
flexometer will be discussed and correlated. 

In the writers’ laboratory two machines have been used 
extensively in studying the temperature developed in rubber 
compounds subjected to distortion by compressive forces. 
The first of these is a flexometer described by Cooper (2), 
and the second a compression machine in which a rubber 
block 14 cm. (5.5 inches) in diameter and 9.53 cm. (3.75 
inches) high is pounded with a definite load a specified 
number of times per minute. The laboratory test block 
used in the flexometer is in the shape of a frustrum of a 
rectangular pyramid, of which the base is 5.4 X 2.86 cm. 
(2.126 X 1.125 inches), the top 5.08 X 2.54 cm. (2 x 1 
inches), and the altitude 3.81 cm. (1.5 inches). This block of 
rubber is compressed between two plates under definite 
load, one of the plates being stationary while the other 
travels in a circular motion of definite magnitude. After the 
sample has been placed in the machine, the moving plate is 
set to one side of the center. Both the loading and the 
amount of offset may be varied within wide limits. With 
this machine one may study either the temperature developed 
over a period of flexing or the time required to compress the 
sample a predetermined amount. 

Machines such as those just described are open to the objec- 
tion that no indication is obtained of the work done on or 
returned by the rubber. For example, when an integrating 


A he: first paper (1) of this series discussed thermal con- 
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wattmeter was placed on the flexing machine, it was found 
that the power curve for the machine with the specimen in 
place differed by only a very small amount from that ob- 
tained with the machine running empty. The energy re- 
quired to distort the rubber specimen was insignificant in 
comparison with that required to run the machine. Neither 
the flexometer nor the compression machine is entirely 
satisfactory for a fundamental study because of the objec- 
tions given above or for testing of compounds containing 
moderately low concentrations of pigment because of the 
length of time required to obtain satisfactory results. 


Figure 1. PEnpuLUM FoR MEasurRING ENERGY LOossES 


For these reasons a pendulum was constructed to measure 
the energy losses in rubber compounds under compressive 
forces. The properties determined directly by the pendulum 
are (a) resilience, or the percentage of the impact energy which 
is returned to the pendulum by the rubber, and (b) indentation 
which is the depth of penetration of the hammer-shaped head 
of the pendulum into the sample and is a measure of the 
dynamic hardness. By measuring the thickness of the sample 
after the test, a simple measurement of compression set is 
obtained. Healy (3) of the Dunlop Tire & Rubber Company 
seems to have been the first to recognize the possibilities of the 
pendulum in rubber testing. He found that by the use of dif- 
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ferent pigments he could realize the four possible conditions: 
high resilience, low hardness; high resilience, high hardness; 
low resilience, low hardness; and low resilience, high hardness. 
Williams (5) used a rebound test in studying the transforma- 
tion of energy by raw and vulcanized rubber, and the pendulum 
or similar device is commonly used in many rubber labora- 
tories. 
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Ficure 2. RELATION BETWEEN Impact ENERGY, 
RESILIENCE, AND INDENTATION FOR 2- AND 20- 
Vo.tumE Zinc OxipE Compounpbs 


PxysicAL CHARACTERISTICS OF THE PENDULUM 


The energy at impact of a pendulum, as well as that re- 
covered in the rebound, is given by the equation: 


wl (1 — cos 6) 


where w = weight, in this case 4070 grams 
l = length from axis to center of gravity, 57.6 cm. 
6 = angle through which pendulum falls 


The formula for velocity at impact is (4n? X r X arc)/P, 
where r is the radius (71 cm.) and P the period (1.7 seconds). 
A photograph of the machine, which was constructed after 
inspection and consultation with the Goodyear and Dunlop 
laboratories, both of whom use similar instruments, is shown 
in Figure 1. 

The pendulum is a 2.22-cm. steel rod, 107 cm. in length, and 
carries two hammers mounted, respectively, 71 and 85.4 cm. from 
the axis; the head of each hammer is a hemisphere of 1.11-cm. 
radius and the upper hammer, located at the center of percussion 
strikes the rubber specimen. With the two hammers located in 
these positions the perfect pendulum should have 70.87 half- 
periods per minute. Using an electrical chronograph and a 
small swing of the pendulum, the number of half-periods per 
minute were determined for four consecutive minutes with the 
following results: 70.7, 70.8, 70.9, and 70.9. The rebound of 
the pendulum is measured by means of a pointer which may be ad- 
justed a thumb screw, and a head set is used to ascertain the 
exact rebound. The scale is graduated in quarters of a degree 
up to an angle of 30°. The penetration of the pendulum into the 
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rubber is measured by a micrometer gage which is graduated to 
0.001 inch and may be estimated to within 0.0005 inch. Contact 
with the micrometer gage is made by the lower hammer, and 
all readings are multiplied by the ratio of the distance from the 
axis to the upper and lower hammers, eee The rubber 
test specimens are 5.08 cm. square and 2.54 cm. thick, and 
are held firmly against the anvil, the pendulum striking one of 
the large faces. The pendulum was found to lose between 0.10° 
and 0.15° in the first period for a drop from 25°. Correction for 
this loss of energy due to friction in the roller bearings and air re- 
sistance would add only 0.8 per cent to the resilience at the maxi- 
mum with decreasing amounts as less energy was returned; it was 
not considered necessary to make the correction. The curves ob- 
tained by plotting per cent resilience and indentation against im- 
pact energy are shown in Figure 2. Since these curves show de- 
creasing resilience and — indentation with increases 
in impact energy, it is necessary for comparative work that the 
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height from which the pendulum falls be kept constant. In all of 
the pendulum data shown in this paper the a cure for 
resilience has been used. The effect of cure in the pendulum test 
is about what would be expected, the optimum for resilience being 
reached earlier than that for indentation. As the cure pro- 

, the compounds continue to harden until reversion com- 
mences and the indentation increases. Comparative tests with 
machines in use in other laboratories (all samples aes in 
one laboratory) have agreed within 2 per cent for both resili- 
ence and indentation while two operators on the one machine 
have checked within 0.5 per cent for resilience and 1 per cent for 
indentation. 


EXPERIMENTAL PROCEDURE 


Since it was planned to use the pendulum in a study of 
heat generation, the logical starting point was to determine 
what correlation could be obtained between the pendulum 
and other testing machines such as the flexometer. The 
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simplest way to do this was to take the compounds being 
tested in routine work on the flexometer and determine their 
properties with the pendulum. It was soon found that, while 
high resilience and indentation indicated low heat develop- 
ment in the flexometer, there were many results which were 
out of line owing to unusual results in one or the other of the 
properties determined with the pendulum. However, by 
combining both of the pendulum measurements in one em- 
pirical factor, an excellent correlation was obtained. The 
factor actually used was ratio of percentage of energy lost to 
indentation; although other relationships would have served 
as well, this one gave a factor which varied inversely with 
flexing life. In Figure 3 flexing life is plotted against the 





@ o © 
° uw o ~4 


neStIlLiENCE 


PERCEN, 
~ 
w 


~ 
o 


eo 
v 





60 


PARTICLE SIZE .10% 


« «6215 LEAST 


I 

2 ‘ 

3 4 te §—.20% [CURING) 
4 “ eo 35% 
5 EX TREMELY COARSE 
6 SLOW CURING 


1 }20314I5t6 
| 2vor. | | s vor. | | to vor.| | ts vou. | | 20 vot. | | 30 vor.| | 40 vor, | 


Figure 4. EFrect oF VARIATION IN ZINC OxipDE CONTENT ON RESILIENCE AT 


SEVERAL VOLUME LOADINGS 


pendulum results with both sets of data expressed as percent- 
ages of a standard sample whose formula was as follows: 


Smoked sheet 100 Channel black 9 
Sulfur a Zinc oxide Variable 


Diphenylguanidine 2 


In this test the flexometer was operated at 1200 r. p. m. witha 
load of 250 kg. (550 pound) and an offset of 1.4 cm. (0.55 inch), 
and failure was taken as the time required to compress the 
sample to a thickness of 0.76 cm. (0.3inch). From the nature 
of the comparison, the range covered by the test was not very 
great, and for the shorter flexing times the data were ob- 
tained from special samples; consequently fewer tests were 
made in this portion of the curve. The data are sufficient 
to establish a good degree of correlation between the flexome- 
ter and pendulum tests over the range investigated. The 
next step was to determine the properties of a large number of 
widely different compounds in the latter test, to predict the 
results which would be obtained in the flexometer, and finally . 
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to determine the flexing times for the series of compounds. 

The data obtained over a series of volume loadings of zinc 
oxide in the base formula (given above), with the black omit- 
ted, are plotted for resilience in Figure 4 and for indentation in 
Figure 5. These data were obtained on zinc oxides covering a 
range in particle size, in the fast-curing type, from a fine 
experimental oxide to that of a highly calcined oxide of ex- 
tremely coarse particle size and include one slow-curing zinc 
oxide. The data show that the fine oxides have the highest 
resilience in the low volume loadings but that the coarser 
oxides are superior at the high volume loadings. In the 40- 
volume loading, for example, the extremely coarse oxide has 
about 13 per cent higher resilience than the finest oxide, while 
at 2- and 5-volume loadings the fine oxides are better by about 
5 per cent. With the exception of the very coarse oxide, the 
differences in resilience are small, below 30 volumes of pig- 
ment, but above this point the slow-curing and fine fast- 
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curing oxides lose resilience quite rapidly, the loss in the case 
of the latter being in the inverse order of the particle size. 
With respect to hardness, this series of zinc oxides showed 
only small differences with the exception of the fine experi- 
mental oxide and the coarse oxide, the latter being softer 
over the entire range of volume loadings and the former show- 
ing greater hardness at about 15 volumes of pigment. 

Data for channel black, two soft blacks, lithopone, Dixie 
clay, natural and precipitated whiting, and ground barytes 
are shown in Figure 6 for resilience and Figure 7 for hardness. 
The same base formula was used as in the work reported for 
Figures 4 and 5 and the data for the fast-curing zinc oxide of 
0.35 micron size; particle size has been carried over for com- 
parison. The channel black compounds decrease rapidly in 
resilience and increase rapidly in hardness as the pigmenta- 
tion is increased. Those with the finer of the thermatomic 
blacks are very close to the zinc oxide compounds, although 
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somewhat less resilient and harder in the higher volume load- 
ings, while those with the coarser of the thermatomic carbons 
show higher resiliences above 20 volumes of pigment and lower 
values for less pigmentation with softer stocks over the entire 
range. The tests on the remaining pigments and fillers were 
from 10 volumes upwards, the lithopone compounds having the 
most resilience and showing only a small decrease as the 
pigmentation was raised to 40 volumes. The natural whit- 
ing and Dixie clay were practically equal in resilience at 
10 and 20 volumes while at 40 volumes the clay was somewhat 
lower than the whiting. The precipitated whiting was equal 
in resilience to the zinc oxide at 40 volumes of pigment 
and slightly lower at 10 volumes. Ground barytes was an- 
other filler which gave compounds showing only a small 
decrease in resilience at 40 volumes from the value obtained 
with 10 volumes. However, at the low loading the resilience 
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Ficure 6. Errect or 10, 20, anp 40 VoLuMES oF 
Various PIGMENTS AND FILLERS ON RESILIENCE 


was lower than for any of the powders except channel black, 
and at 40 volumes about equal to the Dixie clay compound. 
In Figures 8 and 9 the zinc oxides shown in Figures 4 
and 5 have been retested over a range of volume loadings and 
with a different formulation as follows: 
Pale crepe 50 Sulfur 3 


Smoked sheet 50 Mercaptobensothiasol 1 
Stearic acid 3 Zinc oxide Variable 





The general conclusions concerning the several zinc oxides 
are the same as for the work previously discussed. 

In Figure 8 the shaded height of the columns shows the 
results obtained at room temperature, while the total column 
height represents the resilience at 100°C. At this tempera- 
ture the compounds have higher resiliences and lower pene- 
trations (Figure 9) than at room temperature. Temperatures 
have been carried as low as —40° C. at which point practically 
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all of the compounds have shown resiliences of less than 10 
per cent. 

From the data on zinc oxide obtained with the pendulum, 
it would be anticipated that at high volume loadings the 
coarser oxides would have longer flexing life than the finer 
pigments, but that, as the pigment loading was decreased, the 
finer oxides would ultimately pass the coarser ones in flex- 
ing life. That this actually happens is shown by the data in 
Table I on the flexing lives of a series of volume loadings of 
zinc oxides which vary from the finest commercial pigment 
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Figure 7. Errect or 10, 20, anp 40 VoLumEs or . 
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to a highly calcined zinc oxide, very coarse in size. Above 30 
volumes of pigment the very coarse oxide has the longest 
flexing life while at 30 volumes the optimum flexing occurs 
at a particle size of 0.40 micron, and below this concentration 
the finer oxides become better until at 10 and 15 volumes the 
longest flexing life is obtained with an oxide of 0.20 micron 
particle size, and the finest pigment in the series is rapidly 
approaching the peak. These data were obtained in the base 
formula used in Figures 4 and 5 and have been plotted against 
the corresponding pendulum results in Figure 10. All the 
points fit one curve in spite of the wide range of properties of 
the zinc oxides used in the comparison. In order to shorten 
the running times of the more lightly pigmented compounds, 
the load on the flexometer was increased to 272 kg. (600 
pounds) for these experiments. The speed, offset, and fail- 
ure were the same as for the data in Figure 3. 

Since the object of this series of investigations is to deter- 
mine the cause of heat development in a thermal test in order 
that the proper weight may be ascribed to hysteresis effects 
and thermal conductivity, a study of the influence of these fac- 
tors has been made for the particular flexing test discussed in 
this paper. In Figure 11 the curve showing the relation be- 





146 


tween the flexing life of zinc oxide compounds and pendulum 
tests (Figure 10) has been drawn, and points obtained with the 
flexometer operated under identical conditions have been 
added for a series of carbon black compounds containing 10, 
20, 30, and 40 volumes, respectively, of a soft modification of 
the latter pigment. It has been established by Williams (4) 
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Figure 9. Errect oF VARIATION IN Zinc OxipE CONTENT ON 
INDENTATION AT SEVERAL VOLUME LOADINGS 


and in the previous paper of this series (1) that carbon black 
compounds have much lower thermal conductivities than corre- 
sponding zinc oxide compounds so that, if the effect of 
thermal conductivity in the Firestone flexometer test was of 
much significance, these compounds should fall on a curve 
below that of the zinc oxide compounds, and the difference in 
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the two curves should increase with increasing pigmentation. 
Actually, however, the black compounds have slightly longer 
running times than would be expected from the pendulum 
data. The effect that thermal conductivity may play in a 
thermal test can be shown by comparing some data obtained 
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Figure 10. RELATION BETWEEN FLexinG Lire (MINUTES) 
AND PENDULUM TESTS FOR VARIOUS VOLUME LOADINGS OF 
SEVERAL Zinc OxIDES 


with the compression machine mentioned earlier in this paper 
with those of the Firestone flexometer. The former test re- 
quires a much larger block of rubber than the latter and is 
continued for 180 minutes or until a blow-out occurs, the 
temperature being taken at regular intervals. 


TaBLe I. Errect or Particte Sizk or Zinc OxipE oN FLEexine LIFE at 
Various VOLUME LOADINGS 


Frexine Lirg at VOLUMB OF: 
20 25 30 35 


PIGMENT PartTIcLe S1zE 10 15 
Micron Minutes 
Fast-curing F 80 39 
Fast-curing . 189.5 64 
Fast-curing ¥ 172 98.5 
Fast-curing . 140 83 
Fast-curing i 140 82.5 
ZnO Extremely coarse 96 71 











148 


The following table shows the temperature developed for 30- 
and 45-volume fast-curing zinc oxide compounds in these two 
tests; the flexometer data were taken from compounds 
similar to those shown in Table I but with a load of 250 kg. 
(550 pounds), while for the temperature measurements in this 
machine the offset was reduced to 0.89 cm. (0.35 in.): 


CoMPRESSION 
Firestons F.LexomMeterR MacsHIng 
PaRTICLE Flexing Temp. after Temp. after 
ZnO Si1zn life 40 min. 180 min. 
Vol. Micron Min, *¢, A 
30 0.20 137 82 
30 0.35 81.5 — 
45 0.20 266 80 
45 0.35 . 150 ee 


From the above data it appears that in the compression 
machine, because of the size of the test piece and the condi- 
tions of the test, the increased thermal conductivity of the 
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Figure 11. RELATION BETWEEN FLExiNG Lire (MINUTES) AND 
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more highly pigmented compound is able to counterbalance its 
greater hysteresis effects; in the Firestone flexometer, be- 
cause of the severity of the test and the insulation around a 
small sample, no opportunity is given for reaching an equilib- 
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rium, and the hysteresis effects are consequently of paramount 
importance. 

Up to this point it has been assumed that the time of 
failure in the Firestone flexometer is a direct function of the 
temperature attained during the test. In Figure 12 data are 
shown for the running time of several compounds and the 
corresponding temperatures developed after 40 minutes of 
flexing. The temperature measurements were made with the 
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offset of the machine reduced to 0.89 cm. (0.35 inch) to enable 
testing of some of the compounds which ordinarily would not 
run for 40 minutes. The running times were determined with 
the regular conditions: load, 250 kg. (550 pounds); offset, 
1.4 cm. (0.55 inch); speed, 1200 r. p. m.; and failure at 0.76 
cm. (0.3 inch). The compounds represented in Figure 12 in- 
clude variations in cure, sulfur content, acceleration, milling 
procedure, and pigmentation, and within the limits of error 
there are no cases in which the total running time is out of pro- 
portion to the temperature developed. 
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